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INTRODUCTION




Wwhen o solid and s 1iquid are in contact, an electrical
double layer is established at the interface. This layer is
formed by the unequal distribution of potentisl-determining
ions between the phases and is, therefore, a separation of
charges. Because of this separation, a potential exists at the
interface, ﬁhe ze ta-potential. |

If an external potential is now applied %o the system,

various electrokinetic phenomena may be observed.

(1) If the solid is fixed, e.g., a diaphragm, liquid
migrates, a phenomenon known as electro-osmogis or glectro-
endosmogis. Additionally, if the solid is porous, the ligquid
will move through it towards one or other electrode, a process
designated as eglectrodiglysis.

(2) 1If the solid is free to move, e.g., particles in
suspension, it will migrate through the liguid, this movement
being termed cataphoresis or glectrophoresis. Further, if the
so0lid particles are permitted fto reach the electirode, they may
be deposited upon it, giving electrodeposition.

In the reverse manner, the mechanicel movement of one
phase through enother has the complementary effect of setting
up a potential difference.

(1) If liquid is forced through & porous so0lid, acting as
a - Qiaphragm, the potential set up is known as gtreaming
potential,

(2)/
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(2) 1If s so0lid is caused to move through 2 liquid, e.g.,
under gravitational forces, the potential which arises is
called gsedimentation potential.

The main applications of electrokinetic phenomena may
be summarised under separate headings.

Wiectgg~gﬁmgsi§,

This has been applied to the removal of water from
substances, such as peat, which have very high moisture contents.
It has also found epplications in extraction processes for
water-soluble materials in the sugar industry and in
impregnation processes such as the tanning industry.
Electrodialvsis.

The interposition of a diaphragm, or diaphragms of a
porous nature converis electro-osmosis to electrodialysis and
in this form the action has found a great many uses. A large
number of materials have been purified by the removal of
electrolytes and of inorgenic impurities forming the ash of
the material. geparations or fractionations of mixtures have
been achieved.

Rlect h is.

The main applications of this phenomenon have been
found in the field of protein chemistry and in biologye.
Separations of esmino-acids and protein mixtures, both
qualitatively and gquantitatively, have been accomplished and
it has been made possible to obtain electrophoretic patterns
of sera and similar biological fluids.

Electrodeposition/




Electrodeposition.

The chief use of this form of deposition hes been the
formetion of surface coatings on objects which are made the
negative or positive electrode of the system, depending on
the direction of migration of the solid particles. Rubber
has been deposited in this way, as have inorgenic insulating
coatings. Another application is the removel of finely
divided conduc ting materials, e.g., magnesium, from organic
liguids.

The present work was initiated with a view to finding
applications of these phenomena which would either improve
the quality of some of the natural resources of the country
or provide new methods of obtaining industrially useful
materials from them.

The experimental cection of the thesis is divided into
two main sections, inorganic and organic. The first deals
with the mineral, dolomite, and the second with seaweed, and
related products, and fish albumeén, the aim and general scheme
of the work being described at the beginning of each section.
Definitions of electrokinetic phenomena.

ERlectrophoresis may be defined as ﬁhe movement of small
charged particles in suspension in a liquid under the influence
of an applied electric field.

Blectro~gsmogig is the movement of charged layers of a
liguid in contact with a solid, due to the influence of an

applied/




applied electric field.

Electrodislysis is the passage of a liquid through a
porous mernibrane under the influence of an applied electric
field.

gtreaming potentials are potentials set up when a
liquid is forced through a porous membrane, this effect being
the complement of electrodialysise.

Sedimentation potentials are potentials which arise
from the settling of small particles from suspension in a
liquid.

All of the above phenomena have as their origin the
charge which exists at a solid-1liquid interface.

The cause and nature of the electrical charge at g solid-
liguid interfece.

The charge which exists at a solid-liquid interface

is caused by the establishment of sn electrical double layer
on the surface of the solid and in the layer of liquid with
which it is in contact. This electrical potential arises
from an unequal distribution of the potential-determining
ions between the two phases. The reasons for this unegual
distribution have been under discussion for many years and

& complete review of the theoretical literature regarding

elec trokineticsis given in the following section.
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The firet obeervations on electro-osmosis and electro-~
phoresis were made by Reuss (1808) who found thet a plug of
povidered quartz in the bend of a U-tube caused a rise in the

liguid level in the arm which contained the negative electrode,

when a potential was applied, This was caused by electro-
osmosis. In a further experiment, Reuss used a block of

clay covered with sand into which were sunk two glass tubes
containing electrodes. On the applicetion of & potential
difference there Was no liguid flow but clay particles moved
towards the pcsitive electrode. This was an electrophoretic
migration.

In 1846, Napier (1) showed that acids and salts reduced
the amount of water transported by electro-osmosis.

Wiedemann (2) in 1852, showed that the amount of liquid
transported through a porous diaphragm wsas proportional to the
current but was independent of the area or thickness of the
plate.

In 1859, Quincke (3) discovered that if a liquid was
forced through a porocus diaphragm, a potential difference was
set up. This is "streaming potential. " The e.m. . produced
when water was forced through s diaphragm was found to be
independent of the size or thickness of the diaphragm end of
the amount of water forced through, but it was dependent on
the pressure used. Alcohol raised the potential while salts

lowered/
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‘lowered it. It wes found that practically every substance
became charged when placed in contact with & liquid, especially
if the liguld were water. Quincke assumed that the cepillary
wall of the solid became negatively charged and that the water
next to it became oppositely charged, setting up a difference
of potential between the two surfaces.

It was found, however, that waier could be made to travel
towards either electrode, depending on the solid used and
Coehn (4) postulated that when two non-miscible substances
were pleced in contact, one of them being a pure liguid, the
substance with the higher dielectric constant is positive
against the substance with the lower. Thus, almost every
solid would be electro-negative against water.

Helmholtz (5) combined the laws of electrostatics
and hydrodynamics, making the following assumptions:

(a) The ligquid was oppositely charged to the rigid wall,
forming an electrical double iayer.

(b) The thickness of the double layer was very small,
being of about molecular proportions.

(¢) The layer of water molecules in contact with the
wall was immovable. The rest of the molecules in the liguid
hear the wall and ih the double layer (the strongly adsorbed
layer) were movable and subject ﬁo the ordinary laws of friction
for normal liquifls.

(a)/
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(da) Only laminar flow of liguid could occur.

(e) The externsl potentisl difference was simply
superimposed on the potential difference in the double layer
iteself.

() The wall was an insulator and the liquid an electrolytic
conductor. ‘“then, if o were the charge density on the wall and

d the mean electrical thickness of the double layer and D
the dielectric constant of the media between the two layers,

the potential across the layers 4 , Was given by

- 47.0.8
D

Freundlich (6) examined the effect from the point of
view that if the solid were fixed and the liquid free %o move,
the application of a potential would cause a continuous
displacement of liguid along the surface of the solid, with
steady re-establishment of the double layer. He showed that
for a capillary tube:

7. 1r° & e D

vV, =
¢ 4.7 . Ie

in which vg is the amount of liquid transported electrically
through a single capillary tube in unit time.
% is the fall in potential through the capillary tube.
D is the dielectric constant of the liquid concerned.
4 is the viscosity of the liquid.

€ is the potential of the double layer at the interface.

L/
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L is the length of the capillary.
r is the radius of the capillary.
For a porous diaphragm, if 1t might be considered as
a bundle of capillary tubes, W o g (area of the diaphragm)

and Vo = Je &. EeD.

4W. 1. L.
Since §E = IR and R = ;%E where ¥ 1is the specific conductivity
of the 1liquid, then
Ve = ¢ 1. D = constant x I.
4 .. 4. ¥.

The amount of electro-osmosis was, therefore, independent of the
size of the disphragm.

In addition, Freundlich noted that equilibrium would
be reached when the transport of liguid in one direction by
electro-osnosis was balanced by the resultant hydrostatic pressure
moving the liquid in the other direction.  Poiseuille's law
holds for the latter, giving:

—_ 4
v = wr P where P is the difference in

p 8. 7. L
hydrostatic pressure between the ends of the tube.

Equating Vg and Vb at equilibrium gives:

Pg = where Pg is the hydrostatic

2.£&.E D
M. p?
pressure produced by electro-osmosis in a narrow capillary.
This could not ve applied to a disphragm, since
Poiseuille's law holds only for narrow capillaries. However,

as long as the average size of the particles of the diaphragm

remained/
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remained constant, the mean cross-sectional area of the pores

T r?

could be regarded as unchanged and replaced by a constant

ke

Thus Pe = _EJ%E;QAQ = K.E

i.€., for a given liquid, the hydrostatic pressure produced
by electro-osmosis through a given diaphragm of definite
porosity etc. 1s proportional to the total fall in potentialb
through the diaphragm and is independent of the dimensions of
the disvhragm.
The effect of dissolved substancesg.
| Porrett (7) observed that dilute sulphuric acid reduced
the flow of water by electro-osmosis to almost zero.

Deniell (8) noted the differences of liquid level
across a diaphragm produced by electro-osmosis at 30 volts.
He found that a solution of sodium phosphate gave a difference
of 2 inches, sodium sulphate 1le5 inches, distilled water 1 inch,
dilute sulphuric acid 0.25 inch and stronger sulphuric acid
no difference.

Wiedemann (2) postulated that the greater the resistance
of the liquid, the greater was the amount transported under
the same conditions of current strength.

Quincke (9) forced water containing various solutes
through diaphragms. He found that no current was produced when
dilute sulphuric acid was forced through a porous earthenware

diaphragm/
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diaphragm. Alcohol increased the current produced while
caustic soda and copper sulphate weakened the effect. Using
powdered sulphur as a diaphragm, he observed that both nitrie
acid and sodium chloride reduced the current compared to
distilled water. Tannin and soap both increased the current
obtained using powdered glass. Mineral waters gave less
current than distilled water. He summed up his findings
by saying that the addition of acids and salts to distilled
water reduced the intensity of the current until it was no
longer noticeable. wWith aqueous alcohol, which gave an
increased e.m f., it was noted that the exit liguicd ﬁas
appreciably richer in alcohol than that entering. Dissolved
salts always produced a merked decrease in electro-osmosis,
even material from the glass of the containing vessel affecting
ite. |

In all the above cases, flow was from anode to cathode
but guincke noted flow from cathode to anode using turpentine.

gernez (10) observed a creeping action of a water film
wetting the inner surface of a capillary tube on the ap-lication
of a potential difference. lovement was always towards the
cathode and was only observed in the film contingent to the
glass surface. He also noted that acids, alkalis or neutral
salts all reduced the speed of transport.

Perrin (11) designed a new type of electro-cemometer,

in which different solids were used as diaphragms in the form

of /
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of powder. The diaphragm wes formed in one limb of a U-tube

and electrodes inserted immediately above and below 1t. A
calibrated capillary tube led off from the U-tube above the
upper electrode and differences of 1eve1 in this tube were
measured. Using this apparatus, he found that increase of
temperature gave an increase in the volume of liguid transported
and assumed the effect was similar to that on fluidity.

doehn and raydt, (12) however, using the rise in a
capillary tube which is independent of viscosity, found a small
negative coefficient with temperature, of the approximate order
of the (negative) coefficient of dielectric constant.

Cameron and.Oetfinger (13) gave confirmatory evidence
by measuring diaphragm potentials, which they found to decrease
slightly between 21 and 31°C.

Cruse, (14) using a porous earthenware diaphragm, found
that the electro-osmosis of distilled water rose to a meximum
between 35 and 40°C., above which it decreased rapidly at first
and then more slowly.

Perrin (11) came to the conclusion, regarding dissolved
substances, that electrolytes alone influenced electro-osmosis,
ions being the active agents. Traces produced big effects,
the activity of different ions varying greatly. The degree
of acidity or alkalinity of the solution was an important factor.

Using diaphragms of insoluble chromic chloride, alumina;
carborundum, sulphur, geletine, graphite, etc., he found that

acids/
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acids flowed fto the snode while alkalis flowed to the cathode.
These results led Perrin to state that in the sbsence of
polyvalent rsdicals, every non-metallic substance is positive
in an acid liquid and negative in an alkaline 1iquid.

Briggs (15) pointed out that this ignored the specific
effect of the diaphragm material. Pérrin found exceptions
to his rule, however, e.ge., both acids and alkalis flowing
to the cathode through cotton wool (cellulose). As the strength
of the acid increased, the flow decreased until it became zero.
Perrin modified hie previous stastement, saying that the
electrical potential of any surface in aqueous solution was
invariably incressed by the addition of & monovalent acid and
decreased by the addition of a monovalent base. He considered
that the explanation was a question of the difference of
solubilities in water, i.e., change of ion content, especially
if giving @ change in pH. Briggs said that preferential
adsorption of ions on the diaphragm, a property charscteristic
of the diaphragm, must also be considered. Perrin was of
the opinion that if the diaphragm were positive, anions were
more active than cations and vice verss. Anions lowered the
positive charge on the diaphragm causing a falling off in
the rate of flow, the effect becoming greater with higher
valency of the sctive ion. Cations acted similarly with
negative diaphragms.

Freundlich/
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Freundlich (16) found the concentration of sgalt in
millimols/litre required to produce a half-velue of the
electro-osmotic effect and showed that Br'> 80," > Fe(cwM) 6"‘
for the concentration required. Similarly Nat > Ba*t > 1a*t+.

Perrin showed thet reversal of interface potential could
be obtained using polyvalent ions of unlike charge to the
diaphragm. . This showed that every diaphragm tended to become
positively charged sgainst an acid solution andunegetively
charged against an 2lkaline solutlone Every ion of unlike
sign tended to neutralise the charge on the diaphragm, the
tendency increasing raepidly with increasing valency of ilon.

Baudoin (17) used methyl alcohol and found that alkali
alcoholates in alcohol were equivalent to alkali hydroxides
in water. Acids had the same effect in alcohol as in water
and polyvalent ions conformed to Perrin's theories.

Iarguier des Bancels (18) used textile materials as
diaphragms and found that wool 2> silk > cotton with reference
to the electro-negative charge against distilled water. In
acid solution, silk showed reversal, the others remaining
electro~negative against dilute hydrochloric acid. Polyvalent
ions again behaved according to Perrin's rule. Wool dyed with
basic dyes was much less electro-negative against water than
undyed wool.

Bose-guillaume (19) confirmed Perrin's rules. Two wires,

one /
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one covered with a very thin coating of 8 porous material, such
as gelatine, were placed in a solution and the coated wire
given a sudden twist. A momentary e.m.f. was produced. This
was caused by the squeezing of liguid through the pores of

the coating meterial, giving a special case of fuincke's
diaphragm currents. If the porous coating was negative
against the liquid, the coated wire became negative with
respect to the uncoated‘wire, producing a momentary current.
Using platinum wires coated with gelatine or fire-hardened
clay, it was shown that against an alkaline solution the
coated wire was negatively charged, in the absence of disturbing

+t++ neutralised

polyvalent radicals. JTons such as Batt and Ia
the negetive charge to a great extent. 'he polyvalent anion
Fe(GN)6m increased the negative charge, more than neutralising
the effect of the K+ ions. Againet hydrochloric acid, the
coated wire was positively charged and polyvalent anions
reduced the e.mnm. . Fe(CN)ém was very active, producing a
marked reversal.

Ascoli (20) carried out electro-osmotic experiments
wWith liquid ammonia and found that alumina disphragms were
Positive against the pure liguid but became negative when
sodium was added.

Morse and Horn (21) observed strong electro-osmosis
through 2 porous cup in which they were depositing, electro-
chemically, a copper ferrocyanide membrane. The liguid in

the/
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the cup rose with s repidity which increased with the dilution
of the solution and the intensity of the current.

Frazer and Holmes (22) studied very dilute solutions
of alkali and slkaline earth nitrates and ceme to the
conclusion that the amount of osmosis of various salts with
a common anion veries approximately inversely as the velocity
of the cation divided by its valence. Their method was to
measure the amount of osmosis of various O.001lN. solutions
compared to potassium nitrate of equal strength, the amount
with which was taken as 100. In all cases where neutral
salts were used, the usual flow to the cathode waes observed,
but reversals were found with solutions of common acids. Such
a revercal was found using a solution of acetic aéid, which
moved faster than hydrochloric scide Perrin had believed
that the rate of flow of acids with a monovalent anion was an
approximate measure of their dissociation. Briggs suggests
that 2 theory of preferentiel adsorption will explain this
effect.

Coehn (28) made experiments using a Pukall filter.

He found that solutions of caustic potash and sulphuric acid
always flowed to the cathode. Nitric scid flowed to the anode
except at concentrations of less than 1 mg.mol/litre. Acetic
acid did not show reversal until 200 mg.mol/litre had been
exceeded. Neutral sulphate solutions flowed to the cathode

under/
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under all circumstances and alkali nitrates did the same.
golutions of heavy metal nitrates, however, flowed to the
anode, except when extremely dilute.

Barratt and Harris (24) used diaphragms of gelatine,
parchment and agar and found the ususl acid-alkali reversal
with gelatine only. Parchment, being cellulosic in nature,
can be expected to give no reversal. Using a disphragm of
10 per cent. gelatine, Barratt and Harris found that solutions
of the following salts flowed to the cathode as shown.

Na2304 > NaQOH > NaNOS, the rate increasing with
concentrationa. Solutions as follows flowed to the anode in
the order given Al(N05)5 j? Cu(ﬁog)z > HNO .

Using parchment, solﬁtioné always flowed to the cethode,
the order being as follows:

Na2HP04 > Nazso4 > NaOH > NaCl > HC1 >Cu012> AlGlS.

The chlorides of copper and aluminium gave rates of flow
which rose to a slight maximum with increasing concentration, but
soon fell slmost to zero, even when the amount of salt present
was actually very small. With ager diaphragms, es the
concentration of digssolved electirolyte increased, the osmogis
rate passed through a distinct maximum in every case. As in
the previous examples, the rate of flow to the cathode decreased
in the order given below:

NagHPO, > NagS0, > NaOH 72> NaCl > HC1> cu012>A1015.
wlissafoff (25) used a single capillary tube placed

e tween/
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between the poles of an electrostatic mschine, the tube being
glagss or quartz. The tube was filled with a neutral solution
except for s small air bubble. On spplication of an external
electric field, & film of liquié¢ was dragged e2long the surface
of the tube and around the air bubble until a drop collected,
finally, at%t one or other end of the tube. Comparing solutions
with pure water, he obtained an empirical relationship between
osmosis and concentration.

AVe = Rlog,C +y
where AVve is the lowering of osmosis by adding the salt to
water, ¢ is the concentration of the solution and R and ¥ are
constantse.

Glase and guartz were found to be strongly eleciro-
negativé and were affected by cations in most cases. The
valency rule held for alkali and light metals but failed for
heavy metals and certain organic catlons. No reversal was
observed with acids but the solutions were never stronger than
O+ O001N. | Reversals were obtained, however, with certain salt
solutions. Thorium nitrate solutions of sufficiently high
concentration caused glass to become positive as also did basic
dyese In all cases, the addition of electrolytes produced a
decrease in the rate of electro-osnosis. Elissafoff found,
however, that caustic potash gave an increased flow to the
cathode, and concluded that there seemed to be no rigid rule
that dissolved substances always reduced the contact

electrification/
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electrification, Just as there geemed to be no rigid
relationship between valency and contact potential.

Theories of contaci _electrification and sdsorption.

Wiedemann (2) believed that an electric current exerted
a tractive sction on liquid contained in 2 capillary tube and
that the liguid was carried thus from anode %o cathode
regardless of the masterial forming the walls.

Graham (26) and Breda and Logemesnn (27) opposing this,
showed that no transport of liquid occurred unless a diaphragm
or its equivalent was present. guincke (3) and Helmholtz (5)
put forward the electrical double layer theory, which will
be dealt with later, along with more recent theories in that
connection.

Coehn's (4) rule extended this theory. Briggs (15)
made a comparison with the Nernst theory of solution. This
theory holds for the specizsl case of a metal in contact with
its own ions. Briggs drew an anslogy for non-metallic solids.
Every solid dissolved in water fto a certain extent and the
€lectrical double layer might be supposed to be formed by
differences in the rates of ion diffusion, producing a
separation of charges. He pointed out that this explanation
could not be correct for the case of a solid immersed in a
pure liquid, unless the liquid remained unsaturated with
respect to the solid or, alternatively, that fresh liguid
was constantly supplied. The electrical charge did not

disappear/
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disappear when the liguid became saturéted with the particular
solid, although the sign and intensity might chsnge. In the

case of a concentration cell, however, the potential difference
at the interface existed only as long ss a difference in
concentrations was maintained. No permanent potential difference
could possibly be produced as a result of unequal ion mobilities.
Briggs suggested adsorption as offering a rational explanation.

The contact potential between a solid and a solution
was a more complex problem. Perrin (11) offered the
explenation that since hydrogen and hydroxyl ions were
abnormally mobile, they must be correspondingly small and thus
be able to crowd to the surface of a solid more closely than
any other ions, making the solid positive in acid solutions
and negative in alkaline solutions.

Briggs claimed that this was a ease of selective
adsorption. The extent to which selective adsorption
depended on the relative mobilities of ions was not so clear.
The work of Frazer and Holmes (22) seemed to indicate a
relationship where the ions were very similar chemically.
Cameron and Oettinger (13) refer to Rutherford who found that
if an ionised gas were passed through a metallic tube, the
tube became electrified positively or negatively according to
the sign of the charge of the more rapidly diffusing ion.

Perrin (11) observed that a solution of 1lithium bromide
feiled to charge a chromic chloride disphragm negatively although
bromine ions were twice as mobile as lithium lons. Briggs (15)
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suggested thst the ions produced in solution by the chromic
chloride might explein this. Further, if the relation held
between selective adsorption ené ion mobilities, the tendency
to reduce the positive charge on the chromic chloride would
be greater with lithium bromide than with potassium bromide.
Frazer and Holmes'(22) data confirmed this to a
certain extent. Haber (28) was of the opinion thet in the
case of glass against weter, the solid was essentislly a
hydrogen electrode and the magnitude of the potential
difference would depend on the concentration of hydrogen
ions in solution.
cameron and Oettinger (13) following this, experimented
with the e.m.f. 's produced by forcing acids and alkelis
through glass capillaries but their findings were inconclusive.
| Freundlich (16) objected to the theory of Haber on the
grounds that electro-osmosis did not depend entirely on
hydrolysis of the dissolved solute as it should do if the
concentration of hydrogen ions was the only factor. He went
on to study the relaticonship of adsorption to eleciro-osgmosis.
He had alresdy shown the relation between the stability of
suspensions and adsorption and had pointed out the velicity
of the gchulze rule of vaelency for adsorbed light metal cations
and the ordinary anions. He discovered that meny organic anions
were exceptions to the Schulze rule and applied thie to show

, 2 CHWR I N N
that thesce ions were also exceptions to Perrin's valency rule.
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He called the differcnce of potential between a solid and s
solution the "adsorption potential' and siated thst if the
cation was adsorbed to a greater extent then the accompanying
anion, the solid would become positively charged and if it
were employed as a diaphragmn, electro-osmosis would occur
from cathode %o anode. For the case of a solid immersed in
pure water, he postulated selective adsorption of ions already
present in the water or produced by slight solution of the
solid itself. When preferential adsorption occurred, the
actual number of ions adsorbed was very small, since the charge
on a single ion was relatively large and the electrical double
layver that was established opposed any further spacial
separation of positive and negative ions.

Freundlich (29) modified his original ftheories, stating
that the contact potential of the diaphragm depended on the
nature of the material of which it was composed (upon
differences of solution tension of ions thrown out) and was
only indirectly affected by adsorption. Briggs, (15) however,
thought that while the nature of the diaphragm was a factor
in contact potential, the power of the solid to adsorb
selectively the ions present in the liguid from the start or
produced by the solid dissolving wae the important thing.

Frazer and Holmes (22) hed a different theory based on
the theory of solvetion. If the hydration of the cation were

greeter than thet of the anion, the ligui¢ should be carried

from/



—-20-

from the anode to the cathode, as was found to bhe the case
with neutral salts ol alkalis against earthenware. Since
the mobility of an ion may be regarded as an inverse measure
of the hydration, it would be expected that a strong flow to
the anode in acid solution and to the cathode in alkaline
solution would be obtained. It was confirmed that with a
series of salts having s common anion, the amount of flow

to the cethode increased with decreasing ionic mobilifty.

Barrett and Harris (30) thought that the flow of

liquid in electro-osmosis was dctermined by the movement of
the ions conteined in the liqguid at the surface of contact
with the solid. These lons caused a passive moveument of
molecules of liquid in the same direction. They found
that the narrower the interval between the particleg of
which the disphragm was composed, the more marked was the
movement of liguid. They also stated that the more nwnerous
the ions in the liguid portion of the double layer, the
greater was the flow of liquid at first, although with
continued incresse in the number of ions, a diminution of
liquid flow later occurred. Hydration of the lons was also
thought to be & factor. Theyvpostulated that the electric
current was cerried through the diephragm by those ions not
in the double leyer and, if these lons werc hydrated, the
’flow would be greater by a certein amount, dependent on the
relstive hydration of anion and cation and their transport
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nuverse.

Briggs (15) thought that this theory was incorrect

as 1t was related to adsorption.

Bancroft (31) stated that the sign of the charge on
the diaphragm was dependent on the relative adsorption of
the cation and the anion, being positive if the cation was
adsorbed to a greater extent than the anion and negative if
the reverse held.

Briggs (15) postuleted that solid surfaces were capable
of adsorbing ions preferentially. Every solid had a specific
adsorbing pover for a given ion, this power depending on the
specific surface of the solid, the temperature, the concentration
of the perticular ion in solution and upon other ions present
or adsorbed previously by the solid. There was little electro-
osmosis when the ion content of the liquid wes small since
there would be 1little ion adsorption. Non-dissociated liquids
showed little electro-osmosis. Electro-osmosis oi pure water
was to be explained by ionisation of the water and preferential
adsorption of ions dissolved from the solid itself. gince the
majority of solids were negative against water, he postulated
that hydroxyl ions were adsorbed preferentially to hydrogen
ions. There were thus two factors to be considered:

(1) the specific adsorption of hydrogen and hydroxyl ions

produced by the dissociation of the water.
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(28) The solution of the solid itself, which although
extremely small might produce ions which were strongly
adsorbedes

He summarised his theories thus:

(1) Electro-osmosis depends on the preferential or
selective adsorption of ions and is influenced only by those
ions adsorbed by the diaphragm.

(2) Any circumstance or condition which changes the
adsorption produces an effect on the electro~osmosis, which
varies for any given surface, therefore, with the condition
of the surface, with the reletive and absolute ion
concentrations, with the temperature e tc.

(3) The directicn cfvelectro—osmotic flow indicates the
sign of the charge on the diaphiagm, negative if tcwards the
cathode and positive if towards the anode. o flow of liguid
indicstes an iso-electric condition. The rate of flow ig an
indication of the intensity of the charge on the diaphragmn,
when the potential gradient through the diaphragm is constant.

(4) the diaphragm tends to become positive by selective
adsorption of cations end negative by the selective adsorption
of anions.

(5) The charge produced by an adsorbed ion is neutralised

more or less by the addition of an adsorbed lon of orposite

charge, the effect increasing with increesing concentration
of the added ion.

(6)/




(6) Blectro-osmosis measures the tendency of e =clid to
form en electricel suspension in a given liquid but does not
measure the tendency to form a non-electrical suspension, such
as is produced by adsorbed solvent, solute or neutral colloids.

Porter, (32) following the work of Helmholtz, derived

ecuations for electro-osmosis.

. 472U - P. 7% pt
DRI 2De Re I. L.

where U = amount of liguid transported, % = viscosity, P =
pressure gradient, r = radius of cepillary, R = resistance and
I = current. |

He took the point of view regarding electrophoresis
of ionic migration, that colloidal vparticles behave =g individual
ions of high moleculer weight and charge and show 2 migrastion
rete in en electric field that approximates to th=t of common
ions except thet of hydrogen and hydroxyl ions. Size hag
little effect on the rate, gince a larger rgdius corresponds
to a lerger surface with 2 larger charge, counteracting the
effect of increased viscosity. Migretion occurs in pure water
or in solutions of electrolytes. Many colloids are positive in
acid solution and negetive in alkaline golution. The point
of view is gimilar to that used in electro-osmosis, the double
layer in thig case being on the surface of the particles. An
electrical field will tend to displace negatively charged

particles with respect to positively cherged liguid. since the

'
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particle is more free to move than the liguid, which is
retarded by its own viscosity, the solid migrates. He

showed that:

C = - B _q_ = —EoDog.
6.7. 7. r 6.7. 7.

where ¢ = velocity of particle, ¥ = field strength, r =
}adius of particle, 4 = viscosity, g = charge on particle,
D = dielectric constant, I - zeta potential.

If g is directly proportional to r, ¢ is independent
of particle size. Electrophoresis is the opposite of electro-
osmoéis and Porter derived the equation

£ . = 4707 v
De Re ]
where v = electrophoretic velocity and j = current density.

Migration did not depend on the shape of the particle.

MacDougall (33) dealt with streaming potential, stating
that the Streaming potential set up was sufficient to send an
equal current in the opposite direction. He derived the

equation:

7 - 4. 7% k.8
P. Do

where k = specific conductance of the liquid and § = streaming

potential. The streaming potential is independent of the

dimensions of the capillary.

Ettisch and zwanzig (34) found that the above equation

broke down at higher pressures but approached a limiting value.
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This showed that the double layer wes broken closer to the
solid surface, the greater the mechanical force applied.

As far as sedimentation potential was concerned, the
esm. £« wes formed by the solid moving relative to the ligquid
and dragging part of the double layer with it. The general
equation for streaming potentials should, therefore, be valid
in this case, where P = pressure difference produced by the
falling particles. For smsllspheres P = apparent weight of
the particles.

Horwitz (35) considered the assumptions made in dealing
mathematically with electrckinetic phenomena.

(1) ©Dpielectric constant.
Helmholtz used the value 1, assuming that the thickness
~ of the double layer was such that no molecules could occupy
the intervening space, an assumption no longer tenable on

the basis of the modern diffuse double layer theory. Rideal (36)

used a value of about 7. In most cases the ordinsry dieleciric
constant of the solvent was used. It has been shown that the

value of the dielectric constant of water mey vary from very
low values (approximétely 1) to the normal value of about 80,
under verying conditions of frequency and under high intensituvy
electric fields. Since the double layer builds up 2 large
electric field in its immediate viecinity, it would be expected
to change the value of ﬁhe dielectric constant.

Bull and gortner (37) gave three reasons why the value
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of the dielectric constent in the double layer should be
diiferent from the velue in the bulk of the liquid.

(a) ihere is a tendency for molecules to become orientated
at & surface, the potentisl contributed by this having a gress
effect upon the dielectric constant and, in the double lsyer,
will tend to increase ﬁhe value.

(b)' It has been found that 2 msterial with a higher
dielectric constant fends to displace other material with
lower diélectric constant from an interfece. This is especially
importent with organic liguids of low dielectric constant,
because traces of water will be adsorbed slmost completely at
the surface, réising_the value of the dielectric constant and
producing effects guite out of prcportion to the actual amount
of water present. Wwith salt solutions the value of D is
greatly lowered with small concentrations but increases fto
values higher than that of pure water at greater concentrations.

(c) Near the ions of an agueous salt solution there exist
saturation effects that become greaster as the ion is approached.
The more concentrated the salt solution, the more important
becomes the effect since the thickness of the double layer is
decreased, bringing the ions of the double layer closer together.
This tends to decrease the velue of the dielectric constant.

They therefore suggest that the use of the dielectric
constent in electrokinetics be discontinued and resulus expressed
es electrical moment, whiéh is the charge per unit ares of the
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double layer X the thickness.

Kallien end Dorsch, (38) as a result of experiments with
orgenic liquids and water, stated that the dielectric constant
of very thin films showed a‘maximum deviation from the normal
of only 0.5 per cent.

(2) icient vi 15V,

It is probable that the coefficient of viscosity of a
solution in bulk is the same as that between the movable and
immovable parts of the double layer, since both are composed
Qf highly solveted ions. It is possible, however, for ions of
a salt soiution to be adsorbed into the interface increasing
the effective concentration in that region and changing the
value of the coefficient of viscoslity. Evidence indicates that
adsorbed molecules are under tremendous pressure'which will
certainly change their shape and consequently produce a change
in viscosgity.

The experiments of Bull and Moyer (39) showed that
the viscosity of water was a function of the width of narrow
slits. wWater exhibited rigidity when placed between glass
surfaces less than 150 microns apart, the effect vanishing
at grester distances.

Bull and Gortner,(éo) using diaphragms of fine guartz
perticles, found = marked decrease in streaming potential which
became apparent with particles slightly below 200 microns in
disme ter and became increasingly importent ss the size
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decreased. The effect was also due to the smaller capillaries
produced. Slivpsge at the surfaces wes not considered inmporitente
(3) Specific conductance.

Thié refers to the liquid, as it is assumed that no
gurface conductance occurs on the solide If the liguid has a
low conductance, however, surface conductance is imporfant. It
is negligible with salt solutions. When it is taken into

,consideration, a term must be introduced containing the
dimensions of the tube. This can be eliminated in experimental
work by determining the cell constant of the diaphragm with a
standard solution of potagsium chloride.

(4) Thicknesg of the double layer.

Helmholtz assumed that this was constant; but this was
not so. “This led to the transformetion from the parallel plate
theory of the double layer %o the diffuse double layer theory,
in which one 1ayér is attached rigidly to the solid wall while
the other extends for some distance into the liquid. As the
concentration of electrolyte increases, the part of the double
layer in the solution is pressed closer to the rigié¢ layer,
decreasing the thickness of the double layer.

(8) Q_thﬁ;c_gu.a;m;_t_ma

wlec trokine tic velocitics are such that motion is
streamlined. There are thus limits to the cepillary size and
pressure used to avoid turbulent flow. Cruse (41) and Gee and
Harrison (42) found that the zeta potential sppeared to have a
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temperature coefficient, maximum at 55-4000. for clay, wool,
cotton and silk.
Types of potentisl at an interface.

(a) Diffusion potential.

This is set up with two solutions, containing different

concentrations of the same ions in the same solvent, and is due
to unequal mobility of the ions. The effect decreases with time
as the concentrations of the two solutions approach equality.
(o)  Thermodynamic potential (€)
This exists at the boundary of a solid and a liquid and
is a logarithmic function of the concentration of ions of the

solid in the liguid.

e - R' T‘ 10 gno C .

. F
(¢) Distributi tential.

This is set up at the boundary of two immiscible liquids
in which individusl ions have different “solubilities.! The
ectivity of the salt is the same in both phases, but not the
individual ion activities. . The difference is compensated for by

a potential.

7 = Re T. logn. /)’A
F ¥K

where WA = the distribution coefficient of the anion of AX, and

YK = the distribution cocefficient of the cation of AX.

(a)/
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(a) uembrane potential.
This occurs at the surface of two solutions, containing
the seme sgolute but separated by a semi-permeable meribrane.
(e) ), ntdi tentiale
This is caused by the adsorpition of ions at an interface,
when the activifties of the ions are variously affected and a

potential set up.

modynamic and elecirokinetic (7 ials.

The thermodynamic potentisl ig measured perpendicular
to the interface, the current flowing across the double layer,
while the electrokinetic potential is measured tangentislly to
the interface, the current flowing parallel to the double layer.
‘the lacter is the work necessary to take unit positive charge
from the interior of the liguilid up to the strongly sdsorbed
layer, while the former is the work necessary fto take unit
positive charge from the interior of the liquid to the interior
of the solid.

In elecirokinetics, movement takes place against o
thin film of liguid rigidly attached to the solid. It is
assumed that the potential drop ié greatest in a2 thin, many-
molecular layer between the solid and the interior of the
solution, but what is effective ic only the potentiel drop
between the strongly adsorbed layer (not the rigic leyer) and
the interior of the solution and this i1s whet is messured as
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ze ta-potential. The zefe-potentizsl is usually less than C.l
volt while the thermodynamic potentisl is often as large as 1
volt. The electrokinetic potential is part of the thermodynamic
potentiel but is, otherwise, independent of it and isg ofiten of
the opposite sigh. Using & glass-water interface, Freundlich
and Ettisch (43) found that if the electrokinetic and
thermodynamic potentials are messured far dilute solutions of
electrolytes, the former exhibits maxima snd minime, while the
latter falls continuously for all salts with ihcressing
concentre tion. In the same way, Abramson (44) measured, at a
definite pH, the electrokinetic and thermodynamic pctentials

of thin films of adsorbed protein on glass surfaces, having
different iso-electric pointse It was found that the former
wage dependent on the plane of shear and was fixed by the ions
at that point, while the latter was independent of the =dsorbed
layer and was the same for all films.

gtructure of the double lsyver.

he non-identity of the elecirokinewic end whermodynamic
potentials led to the theory of the diffuse double layer. The
Helmholtz concept assumes that the opposite but equally charged
layers are at molecular distances from each other. In electro-
kinetic displacements, shear takes place between the layers of
positive and negative charges. In this case 511 the potentisl
drop musit occur exclusively in the rigicdly adsorbed layer
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close to the wall, which would mean that the electrckinetic
and thermodynamic potentials were identical.

gouy (45) supplied a2 modificetion by considering that
the ions of the double layer were subjected to two sets of
forces, an electrical force tending to make them accwmulaie
at an interface and diffusion or heat motion tending to
re-establish the original condition of ubhiform distribution
of positive and negative ions. The diffusion tendeney has
little efrfect on the rigid layer of negative charge, since
the electrical adscorption charges are so large, but the effect

is consideraeble in the rest of the double layer, giving rise

97}

fe' function

to a distribution of the catione according to the
of Boltzmenn, in a manner anslogous to the distribution of

air molecules in the atmosphere where diffusion and gravitational
potentiels oppose each other. The result is an atmosphere of
diminishing intensity - the diffuse double layer or ionic
atmosphere. On the basis of this theory, 'd', the distance
between the oppositely charged Helmholtz layers, is the distance
between the rigid layer and the centre of gravity of the |
diffuse outer layer. “This is the distance at which an infinitely
thin layer of ions, having total cherge equal to the outer
Helmholtz layer, must be placed in order to exert the =ame
electrical force as the resl distribution.

Gouy deduced the formula

D. ko T-

d =
7 2
4.7 N. € ,(z1 + zg)cl Z; Or Cgozg
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where z

valency (subscript indicating the cation or anion)

k

Boltzmann's constante

il

N = Avogedro's nuiber.

Cq or cg = ionic concentration of anion or cation (in
D = Dielecfric constant. moles/fcc).

€ = charge on the ilon.

An increage in electrolyte concentration decreaseg the
width of the diffuse layer. With pure water, this extends a
considerable distance into the liquide As the concentration
of electrolyte increases, 1t ig pushed up closer to the other
layer, reducing'the zeta potential (while the thermodynamic
potential need not change). This mey occur to such an extent
that 2 true Helmholtz double layer is formed or the éouble
layer collapses entirely.

Gouy's theory isincamplete, says Horwitz, and does not
sgree very well with experiment. It does not predict the
correct relationship of the distance across the double layer
and the concentration of electrolyte. No mention is made of
the adsorbsbility of ions, which is of great importance for
capillary-electrical processes and for the phenomenon of
Tlocculation.

To sccount for this, Stern (46) combined the Helmholtz
double layer with the gouy diffuse double leyer. he charge
near the solid resides on the rigid layer while the charge
in the solution is partly present as a diffuse layer and partily
as a strongly adsorbed layer at = distance of about the mean
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ionic radius from the rigid layer. ‘he potentisl gradicnt is
steeper over the ianer, condenser-like layer asnd falls off nmore
gently over the outer portion. In some cases a twofold ionic
stratification may exist before the outef layer i1s resched and
the potential/distance curve will then show a point of inflection.

Stern's theory contains many simplifying assumptions and
cannot easily be checked experimentally. It probably represents
the true state of affairs more closely than that of Gouy, states
Horwitz.

Mathematicgl treatment of fthe diffuse double layer.

In the original treatments of the diffuse double layer,
it wae asgumed that the charges constituting the layer had no
effect on each other. Debye and Huckel (47) showed that for
concentrated solutions of electrolytes, the effect of charged
ions close together was quite apprecieble and they developed
equations to account for it. These equations apply also to
the charges constituting the double layer.

Horwitz shows that the change in geta-potential may be
due to & change in the thickness of the double layer or to a
change in the number of ions adsorbed. The thickness Jecreases
with increasing concentration of ions, especlally polyvelent
ions. The actual variation of the zeta-potential is ascribed fto
a large extent to this factor, and only to a lesser extent to
the nunber of ions adsorbed. Zeta-potential curves may be of

three types:

(a) /
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(2) Having a maximum or minimum. At low concentration
of electrolytes, uvhe potential increases to a maximwn and
decreases towards the iso-electric point.

(b) The curve rises or falls continuously to the iso-electric
point.

(c) The curves have both maximum and minimum. With
increasing concentration, the curve first falls to the iso-~
electric point, then increases (with opposite sign) to =
maximum and finally declines again. The reversal of charge
at the iso-electric point is brought about at lower
concentrations of electrolytes of higher valency than those
of lower valency.

The theory of Stern.

Stern considered the Helmholtz and Gouy double layers
to be idealised limits of the real situation. If the ftemperature
were so low that heat motion might be neglected, the Helmholtz
theory would be correct. For example, all negative ions would
be arranged opposite to all the adsorbed positive ions and the
entire potential drop would occur in & single double layer.
with increase in temperature, part of the negative ions would
leave their position at the interface on account of molecular
motion and form s diffuse layer in the solution. Those ilons
still at the interface would still be érranged 8s a Helmholiz
layer, but with an excess positive charge. This comprises
Stern's double layer.
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Horwitz developed eguations for the charge Gensities
in both perts, that in the rigid layer «ri) and that in the
diffuse laver (Gé). At small concentrations,cri would be
negligible compared tocré and at infinite dilution, the ideal
diffusze double layer would be obtained. The opposite effect
would be obtained with increasing concentration, lesding to
a perfect Helmholtz double layer.

Philpot, (48) using a dropping mercury electrode, showed
thet Stern's theory was the only one giving a true picture of
the double layer at @ metal surface. The Helmholtz theory
gave 6, ( =07 +0p) as a linear function of the potential
of the zdsorbed layer st all pctentisls, while Gouy's thecry
gave 1t as an exponential function of the adsorbed layer
potential when both this and the concentration of electrclyte
(mole fraction) were small and as a linear function of the
adsorbed layer potential when the two were large.
ihe origin of the double layer.

Kruyt (49) stated that the origin of the double layer
was to be sought in the unequal distribution of potential
determining ions and this unequal distribution was due fto
lattice forces.

Michaselis (50) thought that the origin was firet in
the forces of residual valency, causing orientated adsorption.
He gave the example of a dispersion of AgBr particles. If

AgBr is precipitated in agueous solution containing an excess
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of Ag ions, a positively charged sol of (AgBr)XAg+ is formed,
while if there is an excess of Br ions, a negatively charged
sol of (AgBr)XBr— is formed. At the exact equivalence point
no sol is formed, and pure AgBr precipitated. Each atom in a
cube is surrounded by six oopositely charged atoms, completely
satisfying its affinity. At the surface of the particle,
howeter, only five of the six possible ‘valencies" are satisfied,

at an edge of the particle four and at a corner only three.

Excess lons tend to be adsorbed at these points where unsatisfied

affinities exist. If a salt such as KC1l is added tc a water
suspension of pure AgBr, (51) selective adsorption of Cl ions
takes place, since the K ion will not fit into the lattice.

The KX ions then form the outer layer of a double layer. ‘The
charge and electrokineftic potentisl will increase as long as

Cl ions cen be adsorbed. Beyond this point, positive ions will
be forced closer to the inner layer, decreasing the size of

the diffuse layer.

In this process, both the charge and distance factors
of the electrokinetic equation are being decreased so that the
zeta-potential is decreased and approaches the iso-electric
point at which the X and ¢l ions are so close together that
they form a neutral adsorbed layer. With polyvalent ions,
further changes occur with increasing concentration, teking the

potentisl past the isc-electric point. A new diffuse layer
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is formed in which the polyvalent ion is the inner layer and
chloride ions are the outer layer (as with thorium chloride).

A reversal of charge thus occurs, the charge and potential
increase further, reach a maximum and then decrease. The second
layer behaves similarly.

Michaelis states that, secondly, forces of dissociation
can cause exchange adsorptions Some polar compounds can
disscciate very readily, but one Qf the components is incapable
of existing in the dissolved state as an ion. The compound
remsins bound to the colloidal aggregate. <This is the case
with silicic acid which dissociates into hydrogen and silicate
ions. “he silicate ions adhere and sre not dispersed. The
hydrogen ions, or any positive ions are selectively adsorbed and
form a double layers The potential across the layer is
proportional to the dissocistion tendency which, in turn, depends
on the nature of the solid and of the liguid phase.

when such a layer is treated with foreign electrolyfte,
the effects are very complicated. Ionic subsfitution, an
extreme case of polar adsorption, occurss The outer layer can
be replaced by new ions and even the rigid layer may incorporate
some of theme The potential may increase or decreasce during
the process, depending on the varistion of the charge and
thickness, which are affected by the valency and discherging
effect of the ions in the double layer. In layers of this kind,
the charge may increase while the thickness decreases or vice
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versa. At higher concentrations, when the double layers have
become saturated with respect to the new components, the
potential follows the ordinary course.

The third point made by liichaelis is that the double
layer can arise ifrom the spontaneous distribution of ions at
surfaces in such cases where the boundary surfaces are unresctive
chemically a2nd do not dissociate. whis is the case with
cellulose and air bubbles, where there is no dissociation,
an¢ no residusl valencies, ﬁet a charge exists at the interface.
This is ascribed to differences in the capillary activity of
hydrogen and hydroxyl ions, assuming that hydroxyl ions are
more cavillary ective than hydrogen ions and coulc thus come
closer to the surface, thereby creating a potential difference.

Rideal (52) states that there are two thecries of

electrokinetic phenomena. ‘the first is based on the work of
Pauli. A colloidal particle must be ionogenic and can be
regarded as a2 large multivalent ion, the ionogenic salt
linkages present on the surface undergoing more or leés comple te
dissociation in solution. whe charge on a particle which
results in its motion in an electrical field being the resultg
of the dissociation of certain of these groups, maximum charge
is attained when all the surface groups are ionised.

the consequences are that all substances cxhibiting

electrokinetic phenomena must be ionogenic and that the
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maximum charge attainsble 1s specific for the particle or surface,
being & measure of the lonogenic groups present in the surface.
ithe second theory is that of adsorption and this assumes that at
an interface an electrolyte is held adsorbed as ion pairs, one
kind of ion being held more firmly by the solid than the other.
The lon peir thus constitutes a dipole orienteted with respect to
the interface. the total number of ion pairs adsorbed can be
calculated by ¢ibb's adsorption equation or by the Lippman
equations Of these adsorbed ion pairs, a certain proportion will
tend to be dissociated, since the loosely held ion will tend %o
escape into the body of the solution, leaving the surifsece with
a net.charge. The charge and the number of ion pairs dissociating
can be determined directly as the zeta potential or indirectly
(polarisation). surface dissociation is brought sbout by thermal
egitetion and since electro-static forces are present, the
dissociation must be much less than thet existing in such an ion
pair system when it is dispersed in a three-Cdimensionsl phase.
fhe diffuse ionised part of the ion pairs on the surface is the
part which causes the electrokinetic phenomena and the whole
system of adsorbed ion pairs, together with the diffused portion,
constitutes the Helmholtz-Gouy lonic distributicn.

The origin of the system of ion pairs csn be created in
different ways dependent on the nature of the phases in contact
with the interfece. If one phase is impermeeble %o ions, the

layer is formed by adsorptiol. this is called specific or Gouy

adsorption/

e
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adsorption. If one phase is a conductor and is thus permeable
to electrons, the ion pair system is formed by the passage of
a current across the interface. A third possibility occurs
when one of the phases is ionogenic to give ions which are
soluble in the other phase, i.e., when the boundary is selectively
permeable to an ion. Here there are two distinct mechanisms,
depending on whether the anion or cation passes through the
interface. Both cases have been defined as potential
determining adsorption.

It must thus be concluded that in general both specific
and potential determining adsorption can play a part in the
formation of an interphasic layer of ion pairs. Investigation
of the layer of ion pairs has been made, for instance,
by evalusting the density of population and the ¢xtent
of surface ionisation. The latter may be done where
the extent of dissociation is small by making use of the
solubility product of the ion pair system as the criterion.
Where acid-base exchange phenomena occur, the ionic concentration
mey be governed by & Donnan distribution, the Stern-Debye-Hickel
treatment of the diffuse part of the ion pair interphase leads
to the correct expressions for the variation of mobility as

a funetion of ionic strength and of particle size, within

certain ranges of ionic strength. At high electrolyte

concentrations, when the diffuse layer thickness is relatively

small/
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small, mobility experiments have suggested that surface
ionisation 1s reduced, while with solutions of very low ionic
strength, the intrusicn of a Donnan effect modifies the extent
of ionisation.

Many papers on the theoretical and practical aspecis
of the electrical double layer are included in a symposium
published in the Transactions of the Faraday Society. (53).

A mathematical treatment of the various electrokinetic
phenomena is given by Booth, (54) in which he throws
considerable doubt on much of the existing theory and suggests
that s great deal of investigation is required, especially

with regsrd to the limiting nature of assumptions msde.

Note: This survey is culled largely from publications

by Briggs, (15) Horwitz (35) and Rideal. (52).
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HISTORICAL SURVEY OF PRACTICAL
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The main applications of electrokinetics have been
found in the reduction of ash, purification, separation and
fractionation, dehydration, impregnation, extraction, and
application of coatings, using many and varied materials.

. Xeoli 3 e

Cley was purified by Gesellschaft fur Elektro-osmose
(55, B56), and by Ormendy (57, 58), who also described a
dewa tering process, his results being criticised by Hopkins
(59). Elec trophoretic deposition for the dewatering of
clays was also described by Speil (60) and by Speil and
Thompson (61). Kaolin was purified by methods detailed by
Highfield and brmandy (62), and by Schertel (63), dewatering
being carried out by Wwilson and wilcox (64), and by Ralston
end Hoseh (65)e

Chamberlain (66) described an application of electro-
phoresis in the extrusion of chemical stoneware and a review
of the apvplication of both electrophoresis and electro-osmosis
in the ceramics industry was given by Curtis (67). Sokolov
(68) electrodialysed clay to remove metallic ions, while
Mukherjee, Sen gupta and Indra (69) experimented with H-bentonites.

A general review of electrophoresis as applied to clays
was given by Howat (70).
gelatin, clue etc.

Processes and methods for the purification and

fractionation/
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fractionation of glue, gelatin and relsted substances were
described by G@esellschaft fur =Elektro-osmose (71, 72, 73)s
Elektro-osmose Akt. Ges. (74, 75, 76); Schwerin (77, 78)
and ruppel and Wolf (79). Demineralisation of gelatin was
carified out by oka (80) and of glutin by Vozdvizhenskii (81).
Glycerol purification was patented by Elektro-osmose Akt.Ges.
(82, 83).
Milk, Casein, Whev.

Electro-osmotic dehydration of milk was described
by white and Elten (84). =Elder, maston, Pletcher and Peterson
(85) reduced the ash content of acid casein.

Milk and whey were electrodialysed by Woljagin and
Scheimpflug (86) and milk by Kato (87) for the production of
casein low in ash content.

Whey and whey protein were examined by Watson (88)
(removal of salts from whey protein), Bakhalov and Klimovskii -
(89)ﬁ(remOVa1 of protein and salts from whey), and by Wiechers
and de Vries (90) and Aten, Wegelin and Wiechers (91) (reduction
of ash content of whey).

tein mino-acids, Wnzymes i te.

A very great deal of work has been done in this field
of chemistry. ©Purification of sere has been described by
Dhéré and Gorgolewski (92) and, together with fractionation,
patented by mlektro-osmose Akte.ges. (93).

Fricke, Pischer and Berchers (94) purified enzymes and

the /
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the purification of colloids generally has been discussed by
Dhéré (95) and Pauli (96). Amino-acid separations hsve been
achieved by Cross (97) and, using the more recent methods of
paper-elec trophoresis, by Wieland and Fischer (98), Biserte (99)
end purrum (130, 101).

fhe purification, separation and general examination
of proteins have been dealt with by Pauli (102), Tiselius (103,
104), whose moving boundary apparatus and technique were a great
step forward in the examination of blood sera and similar
fluids, Abramson and Moore (105), gutfreund (106), Longsworth
and MacInnes (107) and Cann, Kirkwood, Brown and Plescia (108),
who achieved a separétion, on & quantitative begis, of globulins.

Yoyer (109) has revieed the appliéations of electro-
phoresis to the field of protein chemistry.
Rubber, Iatex.

The deposition of rubber anodically has been described
by Corbin (110) and the seperation of latex particles at a
cathode by Siemens - Elektro-osmose GemeDb.H. (111).

Reviews of the applications of electrophoresis in the
rubber and latex industry have been given by st. Reiner (112),
Hauser and Bender (113) and G€nin (114), who also included
synthetic resinse.

Sewage, REffluents, etc.

Blectrodialytic treatments of sewage for the removal

of /
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of electrolytes, recduction of suspended solids, stabilisation
etc. have been reporied by Murray (115), Roberts (116), Slagle
end Roberts (117) and Beaudoin (118).

The treatment of ftextile works effluents was described
by Magoffin (119) and of distillery slop by Bonacci and
Rudolfs (120).

The recovery of potassium oxide from cane molasses
distillery slop was achieved by Uchida and chin (121).

Dehydration of turf was described by Schwerin (1:2).

Studies of the electrodialytic removal of cations from
soils have been made by Mattson (123), wilson (124), Qosugi
and Aeki (125), Puri and Ansnd (126), and Puri and Hoon (127, 128).

The electrophoresis of colloidal soil material was
examined by Kovda (129) and Reifenberg (130).

The migration of anions and cations during the electro-
dialysis of peat was investigated by Wilson and Streker (131,
132).

Consolidation of soil foundations was achieved by
casagrande (133) and hardening of soils in the same way wes
described by Erlenbach (134).
gurface Coatingse.

The electirophoretic deposition of inorganic powders,

generally carbonates, from suspension, in most cases in orgenic

liquids/
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liguids, has been described by Harsanyi (135), Hansgirg (136),
Egyesult Izzolampa és Villamossagi R.T. (137), Philips
Patentverwaltung Gem.beH. (138), N.V. Philips Gloeilampen-
fabrieken (139, 140), Patai and Tomaschek (141), de Boer,
Hamaker and Verwey (142), Lyons (143), Hamaker and Verwey (144),
Benjamin and Osborn (145), Hemaker (146, 147), Bidgood and

Kent (148), Hill, Iovering and Rees (149) and Biguenet and

Mano (150), the main application being the formation of an
insulating coating on electrical components.

Carbon was deposited by N.V. Philips Gloéilampenfabrieken
(151) and by Frank, Patai and Tomaschek (152), while the deposition
of oleo-resinous lacquers was described by Sumner (153).

A review of electrodeposition was given by Roehl (154).

Descriptions of electro-osmotic and electrodialytic
processes for tanning have been given by Grasser (155), Electro-
osmose Akt.Ges. (156, 157) and Bocca (158).

General impregnation processes were described by Flektro-
osmose Akt.Ges. (159, 160) and by Gesellschaft fir Elektro-
osmose (161, 162).

Yater.

The production of water of equivalent purity to distilled
water by electrodialytic removal of electrolytés etc. has been
deseribed by Illig (163), Patin (164), Dietzel and Muller (165)

Hoffman/
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Hoffman and Gortner (1€6), Jaekel (167), Dietzel (168) and
zhukov, Grigorov and Kozmina (169).
Miscellaneous.

Various other applications have been found for electro-
kinetic processes.

Elektro-osmose Akt.ges. (170) described the purification
of saccharine Jjuice.

Humic acid of very low ash content has been obtained
using electrodialysis by Biesalski and Berger (171).

The electrodialysis of wort and beer has been described
by windisch, Kolbach and Borges (172) and of yine by Paronetto
(173).

Gortner and Hoffman (174) purified pulp and Kargin
and Vinetskaya (175) cellulose and some of its derivatives,
as did Kantor. (176).

The removal of moisture from wood was attempted

elec tro-osmotically by Vlasov and Krylov (177).
Purification of a precipitate of nickel hydroxide was
described by Oka (178) and a process of "electro-washing"
by Komagata (179).
Fractionation of starch was achieved by pahl (180).
Hla (181) examined the éffect of electrodialysis on
a series of minerals and the production of granular alumina

was described by Elektro-osmose Akt.ges. (182, 183).

Collins/



-51-

Collins and Grimmett (184) electrodialysed potassium
from plant extracts.
An electro-osmotic extraction process was patented by
Elektro-osmose Akt.ges. (185).
The recovery of finely divided magnesium metal from
organic liquids was described by Fischer and Peck (186).
Applications to seaweed in the separation of a number
of the chemical constituents were given by Plorenskii, Litvinov
and Bryantsev (187) and the continuous production of alginic
acid by electrodialysis is described by Kolle (188).
Treatment of molasses 1s detsiled by Xameyama and
Kato (189) and by Reininghaus (190).
Papers of general interest have been published by

ormandy (191) and by Tiselius (192).

Revievwsg.

The following authors have published reviews on
electrokinetics and their technical applications:
Bary (193), Frydlander (194), Prausnitz (195), Akizawa (196),
Duclaux (197), Sarrot du Bellay (198), Illig (199), chemni tius
(200), Kendall and Gebauer-Fuelnegg (201), Schénfeldt (202,
203), Hutton (204), Reo (205), Vigneron (206), Wiedemann (207)

and causse (208).
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DEVEIOPMENT OF  APPARATUS.

In this section the various types of apparatus
used for electrodialysis and electrcdeposition,
together with the electrical circuits employed,
are described in detail, and various reasons
given for the design of each.
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Blectrodislytic Cell I.

The cell is chown in Figure 1 and takes the form of
a rectengular box. It is constructed from %" Perspex sheet
and is 6%" 1ong,' %" broad and 4%" deep (internal dimensions).
The box 1s divided into three sections, the outer ones 2¢
and the centre 2" long, by two porous earthenware diaphragme
CD,D), cemented into grooved rubber strips which are, in turn,
cemented in position on the sides and bottom of the cell.
A circular hole, 2" diameter, is cut in the bottom of esch
section in a central position, and glass tubes, fitted with
stopcocks, (S.S.8. ) project downwards from them, a sezl being
obtained by flaring the end of each tube.

Four equally spaced notches are cut in the top edges
at each gide of the two outer sections to secure the electrodes.
The electrodes (E.T.) are %" iron or carbon plates, 5" long
and 4" broad, a brass terminal being tapped into the ftop
edge of each. The electrodes are provided with projecting
brass arms, z" long, placed " from the top. Grade CF4
Aerox diaphragms are used, 4" long, 4" bfoad and %' thick.
Thesekare ceramic plates with = pore volume of 33.2 per cent.
and pore diameter of 7.2 microns. The permeability,
expressed as the volume in ml. passed by 100 sq.cm. per hour
at 20°. and atv a pressure of 10 cme of water, is 2867 ml.

In use, the cell is supported on a metal frame which poriits

reéeiving/
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receiving vessels to be placed under the outlets from the
three sections. A glass paddle stirrer, driven by an electric

mo tor, is provided for the centre section.

During & series of preliminsry tests, several
difficulties were encountered:

(a) Inefficient stirring of the suspension in the centre
compar tment.

This was due to the section being rectangular in
shape, limiting the size of the stirrer blades to the smaller
dimension.

(b) Building up of a hydrostatic head due to electro-
osmotic flow, this effect acting against the electrical effect
and reducing 1it.

(c) Teakage of liguid past the edges of the diaphragms.

(a) Non;removable nature of the diaphragm arrangement.

Thege difficulties can be overcome as follows:

(a) Centre section sguare in shave.

(b) Provision of overflow outlets in the front face of
each section. |

(¢) and (&) piaphragms held between rubber gasketed flanges,
the cell being madé in three sections, held together as a unit

by screws at these flanges.
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Electrodialytic cell IT.

This cell is shown in Pigures 2 and 3 and in Plates 1
and 2, and incorporates the modifications described above.

The cell is again in the form of a rectangular box. It is
constructed from i" Perspex sheet and is, when assembled, 7t
long, 3" broad snd 3" deep (internal dimensions). It is made
in three sections, outer left, centre and outer right, the
last named being a mirror image of the first.

The outer sections (Figure 2) consist of 2 base and
three sides and are 2" long, 3" broad and 3" deep (internal
dimensions). A circular hole g" diameter is cut in the
centre of the base and is provided with a rubber bung, fitting
flush with the inside surface of the cell. This hole serves
for complete drainage of. the compartment. A similar hole
is cut in the centre of the front face and from this projects
a sloping semi-circuler trough, the overflow outlet. The
sections have a flange, 1" wide, on the inner edfe and a rubber
gasket is provided for 1it.

The centre section (migure 3) has a base end tvio gides,
being 3" long, 3" broad end 3" deep (internal dimensions).
Both edges have a flange, 1" wide, fitted with a rubber gasket.
The section is, otherwise, the same as the outer sections,
having holes cut in the centre of the base and of the front

face, the latter leading to an outlet trough.

The /
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Plate 1.

Plate 2.



The three sections are Jjoined together by means of
brass screws, cemented into the left hsrd flange at esch joint,
these screvus passing through the rubber gaskets and through
holes provided in the right hand flange. Tightening of the
flanged joints is effected by knurled brass heads, which are
screwed hard sgainst the right hand flange at each joint.

There are five screws %o each joint, *ftwo a2t each side and one
placed.centrally in the bottom edge.

The electrodes used are made of I carbon sheet, being
23" broad and 3" long. Brass terminals are tanped into the
top edges. The electrodes are attachsd to the cell by means
of IL-shaped brass clinsg, which fit tightly over the top edge
of the cell walls.

The diaphragmsused can be of practically any material,
the effective dimensions being 3" breadth and 3" length. Among
the diaphfagms which have been used are Aerox CF4 earthenware,
filter cloth, cellophane, parchment paper and cellulocse =scetate.

This cell has proved satisfactory over a very large

number of tests.
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Tlectrodialytic cell ITIT.

The cell is shown in Figure 4 and is circulesr in form.

493

The outer vessel is a gless beaker (B). The diaphraam (D) is
a porous earthenware pot, 5" long =nd 12" internal diameter.
*The anode (A) is & carbon rod, 7" long and %" dismeter, while
the cathode (C) is a carbon cylinder, 5" long and 2" internal
diame ter. The diaphragmn, which‘is Aerox grade CF4, rests in
a small bakelite holder (H), cemented on to the centre of
the base of the besker. The various parts are set up
concentrically, the anode rod at the centre, with the diaphragm
between it and the cathode cylinder, the assembly being held
rigidly by clamps in a central position in the beaker.

This cell was designed as a prototype for Cell Vv, to
find the effect of a2 concentric arrangement of electrodes and

diaphragms -
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lectrodialytic cell .

The cell is shown in Figure 5 and in Plate 3. It
is constructed from glass, and is agein in three sepsrate
sections, outer left, centre and outer right. The outer
sections are mirror images of one another, and consist of
a glass tube, 5" long and 2" diameter, closed at one end.
Two sets of outer sections are available. One pair have
nickel electrodes in a glass support, sealed into the tube
through the closed end, the electrode face being circular
in shape and having holes cut in it to facilitate the escape
of gas formned by electrolysis. Inlet and outlet holes are
provided in the top and bottom of the tube to allow
circulation of liquid.through the compartment. The other
pair of outer sections are similar to the first but are
equipped with platinum eleétrodes, the electrode faces being
square in shape. Inlet and outlet holes are again cut in
the top and bottom of the tube.

The centre section consists of & glass tube, 4" long
by 11" diameter, holes being cut in the top and bottom Ffor
‘filling and emptying the compartment. The top aperture also
accommodates a small paddle stirrer for agitation of the
suspension in the section. Rabber bungs (B.B.) are bored to
fit tightly on to the centre section and serve to hold the
diaphragms in place, the outer sections fitting closely on

to the outer edge, giving & water-tight join between the

sections/
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sectiongs. The nickel electrodes are Joined to a piece of
tungsten wire by silver solder, the tungsten wire providing
the connection to the mainsleads. The platinum electrodes
are fused to platinum wire.

The diaphragms which can be used with this cell are
numerous. Among the materials tested were cellophane,
parchment paper, cellulose acetate and regenerated cellulose.
This cell was designed to permit tests with cellulosic
diaphragms, the diaphragms and the materisls of construction
of the cell (glass, rubber and platinum) giving little chance

of contamination.
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Electrodialytic cell V.

The cell is shown in Figure 6 and Plate 4, and is
cylindrical in form. The outstanding feature of this cell is
that it provides for continuous circulation of both the anode
and cathode liguids.

The anode (¢) is a carbon rod, =" diameter and 113"
long. The disphragm (B) is a porous earthenwere tube 13n
internal diameter, 113" long and " wall thickness. The cathods
(A) is a carbon cylinder, 3" internal diameter and 113" long
by +" wall thickness.

These three perts are held in position by means of end
pletes (D.D.) 43" by 6" by §" made of Tufnol. The end plates
are grooved on the inner face to allow emchof thg parts to be
positioned. Rubber geskets =2re provided tc give watertight
joints. The entire ascembly is held tightly together by four
. brass tie rods (T.T.) passing through the end plates.

Brass nozzles are used as inlets and outlets to and from
the anode and csthode compartments (IC = inlet to cathode,
0C = outlet from cathode; IA = inlet to anode; OA = outlet from
anode). Brass screws (®E.T.) tapped into the carbon rod and
cylinder are used as the electrical terminals.

Re servoirs m™wo 1 litre beakers are used as reservoirs for the
anode and cathode liquids, each being provided with an inlet
and ocutlet, the inlet being &t the top. These beakers are held
in position by felt-lined brass clips (Plate 4).

girculetion is carricd out using Stewart Turner centrifugal

pumps. (Plate 4.)
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Electrodepogition cell I.

This.cell is shown in Pigure 7 end is mede from simple
components. The central carbon rod (C), 6" long and %" diameter,
is the cathode. It is encircled by = cylinder of wire geuze (4),
5" long and 1" dismeter, which serves asc the anode. Two rubber
rings (R.R. ), 2" diameter, having a " hole cut in the centre are
placed on either side of a square of gauze (G), 5" by 5", having
a 1" diameter hole cut in its centre, the lower ring insulating
it from the egnode cylinder. The two rings together serve to
'position the cathode rod and the square of gauze suvvorts the
entire assembly on the edges of the vessel which contains the
cuspension from which deposition is to be made. The lower rubber
ring is wired (W) on to the top of the anode cylinder while the
other ring is not attached.

Difficulties which arose during the operation of this auvparstus
were: |

(a)saggingof the wire gauze support, causing a grester depth
of the electrodé'assembly to be immersed in the suspension.

(b)Movement of the cathode relative to the snode, not
necescsarily during = test but certainly from one test to another.

(c)rusting of the e2node gauze after tests employing water as
the suspending medium.

(d)Tendency for cathode rod to slip below the original setting,
protruding slightly beyond the end of the anode cylinder.

Thege difficulties can be rectified in the follewing

manner:

(a)/



1Y2p.
H

\\Q

ELectro Deposition CeLL

FIGURE 7




-61-

(a) Use of & rigid material for supports. Wood, since it
is an insulator, is preferred.

(b) Insertion of positioning rings at the top and scme
distance down the assembly.

These should also be of insulating material, Sindanyo

being suitable.

(c) Use of stainiess steel gaugze for-the ancde cylinder.

(@) Provision of an arresting collaer of rubber at the top

of the assembly.
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Blectrodeposition cell TII.

This cell is shown in Figure 8 and incorporates the
improvements discussed in the previous section. The cathode
(¢) is a carbon rod, 7 1ong'and in diameter, with a brass
terminal tapped in to the top. The anode (A) is 2 cylinder of
stainless steel gauze, 6" long and 1iv diameter. The gauze is
centre-punched on to two pieces of Sindanyo sheet (S.9.),

I thick. The upper piece consists of a circular nart, 1hn
diame ter with two lugs, 1" long snd %" broad at opposite sides.
The lower piece is a2 1%" diameter circle and ig placed 2" from
the top of the anode cylinder. Both pieces have a %' diameter
hole cut centrelly in them. A wooden strut, 6" long, 2" brozd
end %" thick, is sttached under each lug of the upper Sindanyo
ring, there struts serving as supports for the assembly.

The cathode rod is 2 tight fit through the holes in the
Sindanyo rings, which serve to centralise it with resvect to
the anode and make the relative positions exasctly renroducible,
since they alsc keep the anode cylinder in its true shape. A
small rubber ring (R), which fits tightly round the csthode rod,
rests on the top Sindanyo ring in such a way that the bottom of
the cathode rod is always exactly level with the bottom of the

anode gauze.
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ELECTRICAL CIRCUITS,

Rlectrical circuit  T.

This consists (Figure 9) simply of a variable resistance
(R), ammeter and on/off switch in series with the D.C. mains
supply. A voltmeter is placed across the output terminals.
The circuit was found to be unsatisfactory in that the

variable resistance did not give adequate control of the

potential applied across the output terminals. The ammeter was

not sufficiently sccurate at lower current values.
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Electricel Circuit II.

In this improved circuit (Figure 10), the pctentisl
epplied across the output terminels wes veried by a potentisl
dividing system. T™io varieble resicstances, Ry and Rg were
connected in series between the input terminels. Connection
to the output circuit was made from either Ry or Ry using a
double throw switch.

An on/off switch wes inserted in the input circuit as
was an ammeter to measure the current in the shunted csections
of the resistance.

The current flowing between the output terminals was
measured on either of two ammeters (0~0e5 or O - 5 amps.)
depepding on the range required, a2 double-pole, double-throw
gwitch belng used.

The epplied potentisl across the output terminels wos
measured on either of two voltmeters (0-40 or C-2BC v.) as
reqﬁired,.a double-pole, double-ﬁhrow switch again being

enployed.

This arrangement gave close control of epplied potential

end allowed accurate readings both of voltage and current to

be made.
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general.

Electrodialysis is employed to effect separations,
mainly of organic materials from each other and from inorganic
contaminants. Little work has, however, been done on the
gseparation of inorganic materials from one another.

The work in this section is concerned with the
investigation of the possibilities of separating calcium and
magnesium as they occur in dolomite, the naturel double carbonate.
Dolomi te.

This minerel is found in very large deposits in most
of the industrial countries of the world. It is, as has already
been stated, the double carbonate of ceglecium and magnesium,
ca.Mg.(coa)z, and provides a rich source of magnesiume
Existing Processes for the Sepsration of Magnesium from Dolomite.

Various chemical processes have been devised for the
production of magnesium from dolomite and the main ones are
summarised below:

(1) A Germen method is to crush the ore and calcine it at
about 1200°C., giving a magnesia-lime mixture which is then
leached with potash plant end-liquors, composed meinly of
magnesium chloride. The insoluble magnesia is filtered off,
dried and chlorinated in a special furnace.

Alternatively, the calcium chloride filtrate is treated
with ammonium carbonate which precipitates calcium carbonate,
leaving ammonium.chloride in solution. The filtrate is now

stirred/
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stirred with magnesium hydroxide from the first filtration
forming magnesium chloride and smmonium hydroxide. The suspension
is heated to 100°C. when the ammonia is driven off and can be
carbonated to give a further supply of ammonium carbonate, the
magnesium chloride being returned to leach a further charge of
magnesia—lime from the kiln.

(2) The Chesny process involves the treatment of dolomite
with sea-water, 2ll of the magnesium in the brine and in the
dolomite being recovered as crystalline magnesium hydroxide,
which can be readily calcined.

The ore is crushed and calcined at 1350-1375°C. It is
further crushed and slaked with freshly softened water. The
slurry then passes to a reactor tank into which sea-water is
introduced in such a way &s tc cause a tangential swirl to
develop. The thick sediment of magnesium hydroxide is separated
and vacuum filtered at 90°C., at which temperature the hydroxide
is gquite insoluble. The hydroxide is now ready for calcining.
The gea-water is pre-treated with s small amount of dolomite
slurry from the slaker tank tc DPrecipitate any soluble
bicarbonates present.

(3) The Mitchell process for the production of magnesia from

dolomite is based on the fact that magnesium carbonate decomposes

at about 800-8500C., whereas calcium carbonate is stable to 900°¢.

The ore is crushed and calcined at the lower tempersture,
being subsequently passed through a series of settling tanks in

which/
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which the magnesium oxide, being lighter, passes over while the
calcium carbonaste settles.

(4) An Italian process involves the treatment of ground
dolomite with carbon dioxide at a pressure of 150 1b. /fsge.in. to
produce soluble magnesium bicarbonete, which is then separated
by filtratione It is converted to the chloride by the addition
of hydrochloric acid and the process completed by electrolysis
of the aqueous solution.

(8) Flotation methods have been tried in the United States
with success.

(6) The Pattinson process involves calcination, slaking and
the formation of a slurry through which carbon dioxide is blown,
forming calcium carbonate (insoluble) and basic magnesium
carbonate in solution. The weak solution of the basic magnesium
carbonate is heated to drive off carbon dioxide, which is
re-circulated. The slurry of magnesium hydroxide is thickened,

vacuum filtered and dried.

PREPARATION OF MATERIALS,

Dolomive.

A sample of the mineral was obwained from Duror,
Argyllshire. The sample was broken down with an iron pestle
to give 1"-2" lumps and these passed through a jaw-crusher.
The resultann material was further reduced in size by passing
it through a roller;crusher. Final grinding was done in a

pebble-mille The fraction of dolomite passing 200 mesh B.S.S.

but retained on 300 mesh B.S.S. was collected.

Half 7
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Helf-calcipned dolomite.

A sample of Duror dolomite was prepared as described
above, the fraction taken being the material passing a 300 mesh
B.S. 8. sieve.

Figure 11 shows the differential thermal analysis curve
for Duror dolomite. Two major endothermic reactions take place,
the first, at 810-840°C., being the conversion of magnesium
carbonate to the oxide and the second, at 840-920°C., being the
similar conversion of calcium carbonate.

It is thus possible by calcining the mineral at a
temperature of 825—85500., to obtain a material consisting mainly
of megnesium oxide and calcium carbonate.

A sample of hal-calcined Duror dolomite was prepared in
this manner, roasting a charge of the mineral in an electric
furnace at a temperature of 825-835°C. for one hour. It was
noted that, after calcination, the colour of the mineral had
changed from almost white to a quite definite brown, presumably
due to the oxidation of ferrous to ferric iron, present as an
impuri ty. Microscopic examination showed the formation of an
amorphous powder, the dolomite being wholly crystalline before
treatment.

Bure chemicals.

Samples of pure calcium and magnesium carbonate and of

magnesium hydroxide were prepared, the calcium carbonate and

magnesium oxide being of Analar standard.

It/
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It should be noted that artificially prepared magnesium
carbonate is not a pure carbonate but is basic in character,
approximating to the formula 3 Mg.COgz.Mg(OH)o.4Ho0 in the

ttheavy!" grade which was used.

ANATYSIS OF MATERIALS.
Analar calcium carbonate.
The Analar specification was taken.
\pal . de.

The Analar specification was taken.

1 1 jiyn _ te.

The magnesium content was determined gravimetrically
by precipitation with 8-hydroxyquinoline ("oxine") following
the method described by Vogel (209).
Dolomite.

Analysis was made using the method given by vogel (210).

Acid-insoluble meterisl was determined by dissolving a
samble in hydrochloric acid and evaporating to dryness,
dissolving the residue in a mixture of concentrated hydrochloric
and nitric scids and again evaporating to dryness. The residue
was moistened with concentrated hydrochloric acid to dissolve
basic salts and thenvdigested with warm water, filtered washed,
and ignited to constant weight in a silica crucible.

EZQQ? the oxides of iron, aluminium, manganese etc., were
estimated by precipitation with ammonium hydroxide, the

precipitate /
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precipitate being filtered, washed, and ignited to constant
weight in a silica crucible.

Calcium oxide was determined by precipitation with
ammonium oxalate, the precipitate being filtered, washed,
dissolved in sulphuric acid and the oxalate ion estimated
volume trically using potassium permanganate.

Magnesium oxide was determined gravimetrically by

precipitation with 8-hydroxyquinoline, the precipitate being
filtered on a sintered glass crucible (1a3), washed, dried
at 105°C., and weighed as Mg(CQHGON)z.ZHzo.

The analytical results are shown in Tables I and

IT.



TABIE I,

Analygis of Pure Chemicals.
chemical ca(%) Mg (%)
calcium carbonate (Analar) 40 -
Magnesium oxide (Analar) - 60
Magnesium carbonate (Heavy) - 25. 6
IABIE II,
Percentage
Ma terial ia
(]
nsoluble 293 cao Vg0
ex 200 on 300 mesh B.S.S. 4,22 0. 79 29. 35  20. 61
Original 12.45 0. 79 27. 26 19. 14
Half-calcined Be 44 0. 91 386 43 28. 12

ex 300 mesh B.S.S.
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PRELIMINARY  TESTS,

A number of preliminary tests were made using Electro;
dialytic cell I (Figure 1), the electrical circuit employed
being that shown in Figure 9.

Samples of Duror dolomite were suspended in distilled
water, with or without the addition of acide These tests were
of a qualitative nature, designed to discover the faults of
the epparatus and to give some indication of the extent of
migration of material to the outer sections.

Test l.

A suspension of 5.00 g of dolomite in distilled water
was used in the centre compartment, the outer sections containing
distilled water. Electro;osmotic flow of water into the cathode
section was observed, an increase of level of 5.1 cm. being
obtained in 40 minutes, representing a flow of about 250 ml.
of waters Contamination of the suspension in the centre
compartment was caused by iron dissolving from the anode. The
eléctro-osmotic flow was seen to be decreasing during the test
and 1t was found that if the levels in the anode and centre
compartments were brought up to the same height as that of the
cathode compartment, the flow remained steady - there being no
hydrostatic head to be overcome. The value of pH in each
section was determined approximately at the end of the test
when it was found that the anode chamber pH was 5.0, that of

the centre chamber 5.2 and that of the cathode chamber 8.0.

very/
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Very little discoloration due to iron was seen in the cathode
liquid, probvably owing to the iron being completely precipitated
on reaching the diaphragm, because of the change in pH at that
pointe The cathode compartment liguid was evaporated to dryness
and only a trace of solid was left.

Test 2.

In this test 10 ml. of C.5N. hydrochloric scid were
added to the water in the centre compartment before the charge
of 5.00 g. of dolomite was introcduceds A carbon electrode was
used as anode to prevent contamination of the charge with iron.
It was noted that the flow of water was from the cathode section
to the centre, a drop in level of the cathode liquid of 1.3 cm.
occurring during the test. There was no apparent change of
level in the anode compartment. A colloidal precipitate of ferric
hydroxide formed in the cathode chamber, none of which migrated
from it Considerable heat was imparted to the water in the
cell, the final temperature in the centre section being 34°c.
The pH of the three compartments was determined before and after

the test, the figures obtained being:-

Anode. centre. Cathode.
Before 5.0 20 5.0
Af ter 200 6. 0 8. 5

Oowing to the iron‘precipitate in the cathode section,
it was decided to carry out the test again with the electrodes
reversed.

Test/
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Test J.

The test was made as above with the anode iron and the
cathode carbon. A Vvery rapid evolution of gas was observed at
the cathode, the level in this compartment again falling, a

drop of 1.8 cm. taking place during the run. The values of pH

were:~
Anode. Centre. Cathode.
Before 5. 0 20 5 5 0
After 4.0 6. 0 10. 0

The final temperature of the centre section was 46°C. A
white, flocculent precipitate was seen to have formed in the
cathode section, mainly on the diaphragm and electrode surfaces.
Test 4.

10 ml. of O.5N. sulphuric acid were added to the centre
compartment, the charge being 5.00 g. of dolomite. The liquid
movement was again from cathode to centre, & drop of 2.1 cm.
being recorded in 25 minutes. The final values of pH were:-

} Anode: 5. O Centre: 6.8 Cathode: 10.0

The final temperature of the centre section was 44°¢.

A precipitate, similar to that obtained in the previous ftest,
formed in the cathode compartment. Contamination caused by
iron from the anode was again noted.

Test 2.

A charge of 5.00 g of half-calcined dolomite was
used/
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used, suspended in distilled water. Flow was from anode

to centre. After 30 minutes the pH values were:-

Anode: 5.0 gentre: 10.0 (athode: 8.0

Test 6

10 ml. of O.5N. hydrochloric acid were added to
the centre section before eddition of the charge of 5.00 g.
of half-calcined dolomite. The iron electrode was replaced
by one of carbon. An immediste evolution of gas was noted
in both outer compartments on closing the circuit. Pinal
pH values were:-

Angde : 3.0 Cenfre: 10.0 Cathode: 10.0

A solid settled out in the cathode section of a

LT

more gramular character than those precipitates previously
obtained.
The results of analysis of cathode liguids are given

in Teble III.



TABLE TITI.

Enelimimm&s_mu

Test App.Pot. Initial TFinal Analysis of Cathode Liquid
No. (Volts) current Current ’

(amps) (amps) Ca(mg) Mg(mg) Ratio Calig

1l 225 0. 058 0. 08 - - -

2 190 0. 35 0. 10 ; ; ;

S 100 0.95 0. 18 12 1 12. 0
4 195 O.SO 0.53 9 2 4.5
5 230 0.12 0.03' 3 2 1.5

6 240 0. 10 0. 20 29 2 14.5
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The preliminary tests were completed by carrying out
a series of runs in an attempt to achieve reproducible results.
In each test, 5.0 gm. of half-calcined Duror dolomite were
suspended in distilled water in the centre compartment, the
outer compartments also being filled with distilled water.

10 ml. of O.5N. Sulphuric acid were added to the centre
compartment.

Four such tests were made. It was observed that electro-
osmotic flow varied in direction from one test to another and
that values of resistance were not in good agreement. 8Since
all other factors were the same, it was decided that the
differences must be derived from the disp hragms. Resistance
| could be altered depending upon whether or not the diaphragm
was partially clogged with precipitated solid, while the direction
of the electro-osmotic flow could be altered by the charge on
the diaphragn.

T™wo further runs were made in which the diaphragms
were soaked in 5N. sulphuric acid and rinsed with distilled
water before commencement. Very heavy currents at the beginning
of the tests, however, showed that residual acid was present
in the diaphragms. Additionally, a rather larger amount of
alumina was found in the cathode section than normally.
Conditions of flow and resistance were much closer.

Two final tests were made in which the diasphragms after
soaking in acid were then placed in position and distilled

water/
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water allowed to seep through. This was repeated with a
second lot of distilled water. The tests made using these
diaphragms gave good agreement.

n e imina .

The first test showed that, when no chemical reagent
was present to assist the dissolution of the mineral, there
wWas very little action. Contamination of the material with
iron from the electrodes was observed, an interesting point
being that iron produced outside the cathode section did not
pass through the cathode diaphragm, apparently being
precipitated entirely at the diaphragm becasuse of the
alkalinity in this region.

Elec tro-osmotic flow was reduced or completely inhibited
when acid was added to the suspension. It was also reduced
by the formation of a hydrostatic head, acting against it,
in the compartment to which the water flowed.

The addition of acid, hydrochloric or sulphuric,
assisted the migration of calcium and magnesium to the cathode
section.

In analysing the contents of the cathode chamber, it
was found that aluminium was present, especially when acid
had.been used. This was presumably derived from alumina in
the diaphragm and in every analysis a preliminary precipitation
of aluminium, using ammonium hydroxide, was made.

Reproducibility of tests was not good, a major point

of/
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of difference being the direction of liguid flow. It is thought
that this must have been due to the diaphragm being in various
states of charge at the commencement of tests, depending on
whether or not acid had.been used previously. An attempt
to rectify this by soaking the diaphragms in acid prior to
the start of a test was unsuccessful because of the very high
currents which were produced and also because of the rather
large amount of alumina dissolved from the diaphragms.
Soaking in acid followed by soaking in distilled water
remedied this difficulty.

Difficulties in experimental procedure were found
to exist. Stirring was inefficient in the centre section
because of its rectangular shape. Insertion and removal of
diaphragms was a major operation and the avoidance of leaks
at the edges of the diaphragms was not at all easy. The
electrical circuit was not at all satisfactory from the
point of view of control and measurement.

These considerations led to the design and construction
of Electrodialytic Ccell IT (Figures 2 and 3) and Electrical

Circuit II (Figure 10).
Tests on Modified cell.
The cell was filled to the overflow level with water

and/
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and a potential applied.

In practice, the only difficulty encountered was
leakage at diaphragnse. Liquid was found to be seeping
from the edges and this was prevented by painting these
edges with a waterproof porcelain paint, "Porcenam."

It was observed that the electro-osmotic flow
decreased through time and, on examination of the cathode
diaphragm, a stain of ferric hydroxide was found.

The addition of acid was again seen to inhibit

the electro-osmotic flow.

INVESTIGATION OF THE POSSIBILITY OF SEPARATING
CALCIUM AND MAGNESIUM BY uIECTRODIALYSIS oF
MIXTURES OF THEIR CARBONATES.

1. Without Addition of Acid.

Tests were made (Wl-w6) in which a suspension of
calcium carbonate and heavy magnesium carbonate in distilled
water was electrodialysed for 60 minutes at increasing
voltages. The suspension, which consisted of 0.500 g of
each carbonate in 200 ml. of water, was contained in the
centre section of the cell, each outer section holding

140 ml. of distilled water.

The results are shown in Table IV.




TABIE IV,

Test No. Applied Initial Final Volume of -Liquid
Potential Current Current transferred by
(volts) (amps) (amps) Electro-osmosis(ml)

wl 40 0. 005 0.015 30
w2 80 0. 005 0. 020 65
W3 120 0. 010 0.025 106
w4 160 0. 010 0. 035 110
w 200 0. Ql5 0. 035 60

wé 225 0. 015 0. 080 175
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Flow was fto the cathode in all cases. The cathode
diaphragm appeared to be becoming clogged as the runs
proceeded, causing an uneven flow of liquid, leading to a
rise in the level of liquid in the centre compartment, which
apparently was receiving liquid more rapidly from the anode
chamber than it was losing it to the cathode space. In
Test & this effect was so marked that the test had to be
discontinued after 30 minutes to prevent the liguid in the
centre section from overflowing.

Before starting Test 6, the cathode diaphragm was
soaked in dilute acid and then in distilled water. It will
be seen that this treatment improved the porosity of the
diaphragm considerably, there being only a slight increase
in level in the centre compartment during Test 6.

Analysis of the cathode liguids from these tests
showed the presence of only traces of calcium and magnesium.

In all tests the pH of the anode section became acid
and that of the cathode alkaline, the effect being greater

at higher voltages.

o. Effect of 2dditi ¢ sulphuric acid.
Tests were made (Al-A9) using sulphuric acid to promote
attack, this particular acid being chosen on consideration of
the relative solubilities of calcium sulphate (sparingly
soluble) and magnesium sulphate (readily soluble) in water.

The results of the tests are given in Table v.

The /



Test Acid aAdded Applied cu?rent Analysis of Cathode Liquid
i amps )
Amounts Strength Potential : f
No. (ml) (volts) Ini- Final Ca(mg)Mg(mg)Total Ratio
tial (mg) camMg
Al 10 N 40 0.10 0.18 28 7 35 4.0
A2 10 5N 40 0.26 0.45 43 24 67 1.8
A3 50 5N 40 0e34 0.44 55 42 97 1.3
A4 10 5N 40 0.50 0.20 74 36 110 2.1
AS 10 5N 40 0.42 0.80 38 22 60 1.7
A6 10 5N 40 0.70 0.80 16 - 16 -
AT 50 5N 20 1.50 2.10 43 17 60 2.5
A8 50 BN 15 3.20 2.50 41 15 56 2 7
A9/1 50 5N 15 220 2.15 7 - 7 -

A9/2 B0 5N 15 1.90 2.25 22 11 33 2.0
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The duration of all the tests was 1 hour except where
otherwise stated. The solid was placed in the centre section
in all cases excepting those runs in which a two§compartment
cell was used, when the solid was placed in the anode chamber.
The amounts used were 0.5 gm. of each cafbonate unless otherwise
stated. The suspending medium was distilled water, volumes
used being:-

Anode gection: 140 ml. (Centre section: 200 ml.
Ccathode gection: 140 ml.

When only two compartments were used, the volumes were:-
Anode section: 400 ml. gCathode section: 140 ml.

The electrodes were of carbon and were placed 3. 75"

apart in each test.

Detail f individual .

Al Reversal of flow which had been towards the cathode,
took place towards the end of the tests It was noted that the
resistance of the cell passed through a minimum while flow
‘occurred to the cathode, beginning to rise again while flow
was indeterminate and dropping again whenreversal of flow
occurred.

A2. Stronger acid was used in this test. No reversal of
flow was observed but it was noted that, while the resistance
passed through a minimum, it did not reach a maximum before
the end of the test.

A3. An increased amount (5.0 gm. ) of each carbonate was
used in this test, and additions of acid were made to the

centre/
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centre compartment at intervals. Reversal of flow occurred and
similar fluctuations of resistance to those in Al. were observed.
A4, This test was of 3 hours' duration. No reversal of
flow was seen. The behaviour of the resistance was similar to
AZ.

AS. For this test the cell was converted to one of two
compartments by removing the anode diaphragme In this way it
was hoped to conserve the effect of the acid on the suspension.
No reversal occurred; the resistance falling to a minimum
velue and remaining steady at this value until the end of the
test. v

AS. The duration of this test was 15 minutes, conditions
otherwise being as in Ab5. Flow and resistance were found to
be as in A5.

A7, This test was made as for AS., but using a much larger
amount of acide A low value of resistance was obtained and,
to reduce the heavy current, an apvplied potential of 2C volts
was usede No reversal of flow took place, the resistance
again dropping to a minimum value and remaining steady at that
value until the end of the test.

AS. Ssimilar conditions to those of A7 were employed except
that the acid was left in contact with the solid for 15
minutes before the electrodialysis was commenced. The
resistance was very low and the applied potential was reduced
to 15 v. Once again flow was towards the cathode throughout
the test.

A9/
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A9. As in A8., except that after 15 minutes the cathode
liquid was replaced with distilled water and the test continued
for a further 45 minutes. Again the potential applied was 15V,
resistance being as in AS. The cathode sample after 15
minutes is referred to as A9/1 and that after the second period
of 45 minutes as A9 /2. Elec tro-osmotic flow was again towards

the cathode.

1. CaMg ratio appears to be lower when a greater amount

of solid is transferred to the cathode compartment. This
would seem to indicate that the calecium ions are the first

to migrate and that they migrate faster, or that they are less
strongly adsorbed than the magnesium ions.

2 No important differences were found in the results
obtained using a two-compartment and a three-compartment cell.
It should be noted, however, that there was an excess of acid
present originally.

3. There appears to be no tendency for a change in the
rate of transference of ions between the beginning of a test
and the end, except that the rate may be reduced latterly due
to the diaphragm becoming clogged with precipitated solid.

4. The use of a delay period before commencing the test
had no apparent effect on the amount of material transferred
but had the effect of making the cathode section acid, due
presumably to the presence of free acid in that compartment

at the start of the test.

5/
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Se Reversal of electro;osmotic flow was noticed in some
tests in which a three-compartment cell was used. It is
thought that this must be due to a difference in the charge
of the diaphragms caused either by the change in conditions
of pH in their vicinity or by the adsorption of anions and
cations as they migrate. The behaviour of the resistance
during such & change is shown in Figure 12 (A4), in which
resistance /time curves are also given demonstrating steady
unidirectional flow (B) and flow tending towards a point of
reversal (C).

Reversal of flow was accompanied by a fall in
resistance, this having increased during a period of
indeterminate flow.

Steady flow was typified by a steady, minimum value
resistance.

Building up of the resistance indicated a tendency
towards a point of feversal.

Since the porous earthenware diaphragms became clogged
with precipitated solid and since the use of acid caused
contamination of the cathode liquid, presumebly with aluminium
dissolved from the diaphragm, it was decided to test a number
of cellulosic diaphragms for suitability in the electro-

dialytic tests.

Use/
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Use of cellulosic Diaphragms.

Electrodialytic tests were made using diaphragms
of cellulose acetate, cellophane, and parchment paper, to
determine whether or not any of these materials were suitable
for application to the present investigation.

The diaphragms were first tested for resistance to
water_and to sulphuric acid. It was found that all three
were unaffected by immersion in water and in 5N. sulphuric
acid for periods up to & hours at least. The diaphragms
were then used in electrodialysis of a suspension of the
mixed carbonates in acidified distilled water.
cellulose Acetate. No electro-osmotic flow was observed,
the resistance of the cell remaining at a high value
throughout the 30 minutes' test. No solid wss found in
the cathode section.

Cellophane. The resistance of the cell was seen to decrease
during a preliminary test and a further test was made in
which 0.5 gme each of calcium and heavy magnesium carbonate
were suspended in 400 ml. of distilled water in the anode
section of a tWO;compartment cell, the cathode section
containing 140 ml. of distilled water. 50 ml. 5N. sulphuric
acid were added to the anode compartment and a potential

of 20v. applied. The resistance of the cell dropped and
appeared to be steadying when the test was terminated after
1l houre A slight electro-osmotic flow to the cathode was
observeds On examination of the ligquid from the cathode

compartment /
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compartment, it was found that the amount of solid present
was negligible.
Parchment psper. Once again, a preliminary test showed that
resistance gradually decreased during the run and a test
exactly as for @ellophane was made. In this case no electro-
osmotic flow was observed, the resistance falling slowly
throughout the hour which the test lasted.

The cathode liquid again showed only a very small
amount of solid residue on evaporation to dryness;

These materisls, therefore, seemed unsuitable for
use in}the electrodialysis of suspensions of inorganic
materialg to which acid had been added.

It would be expected that the very much lower porosity
of these disphregms would reduce the amount of calcium and
magnesium migrating to the cathode but it is thought that
the probable explanation of the almost non-existent
transference is that the hydrogen ions, being much smaller
and moving much faster, utilise the available space of the
diaphragm to the almost complete exclusion of the larger

calcium and magnesium ions.

Three tests (0l-C3) were made under standard conditions
and the amount of solid in suspension altered in each test to
find the effect of increasing concentrations Equal amounts

of calcium and heavy magnesium carbonates were used, suspended

in/
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in 400 ml. of distilled water in the anode section of a two-
compartment cell, the cathode space containing 140 ml. of
distilled water. 10 ml. of 5N. sulphuric acid were added
to the anpde section and a potential of 40V. applied for 1 hour.
The results are shown in Table VI.
The ratio Ca/Mg. here was lower when a greater amount
of material had migrated, again inferring that the magnesium
was more slowly electrodislysed than the calcium.
The smount of material transferred apveared to decrease

when a greater concentration of solid was used.

Effect of Adding an Increased Amount of Acigd.

fhree tests were made (CAl - CA3) exactly as in ¢l - C3
except that 50 ml. of 5N. sulphuric acid were added in each
case. The results are shown in Table VII.

It will be seen that the increased amount of acid has
~ little effect, except for CA3 in which the amount of magnesium
transferred is high compared to the amount found in C3.

gince the amounts of calciuir and magnesium transferred
to the cathode were so small, it was thought better to try
to find the causes and, if possible, a solution, since it was
fairly certain that the various factors being investigated

were overshadowed by others which prevented the variations

from showing.

Consideration/
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Congideration of Posgible Causes of Interference with

‘ A nunmber of reasons suggest themselves as possible
sources of hindrance to electrodialysis.
(2)Bolarisation.

Polarisation of the cathode by the hydrogen evolved
there would cause an increased resistance in the cell.
Observation showed that a '"barrier" of large gas bubbles
formed in the space between the cathode diaphraém and the
cathode, leading to increased resistance. |
(b)Ionic pressure.

The effect of the ions already present in the cathode
liquid would be to hinder further transference from the anode
sec tion. This factor was not thought likely to be of
importance in the present problem, since the amounts of ions
in the cathode liquid are so small.
(e)brecipitation of solid in the cathode diaphragm.

It had been observed from the initial tests onwards
that the cathode diaphragm became less porous as the test
proceededs This is undoubtedly due‘to precipitation of solids
on the surface and in the pores of the diaphragm. Ferric
hydroxide has been seen to be precipitated on the surface
of the diaphragm away from the cathode and it has been found
necessary to soak the diaphragms in acid after each test to

clear them of such material. The alkalinity of the liguid

in/
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in the region of the cathode diaphragm is the cause of the
precipitation and prevention could only be effected by
avoiding this high value of pH, i.e., by keeping the cathode
liquid neutral or even acid during a test.

Tests were made to examine each of these points, the
results of which are given in Table VIII.

(a) Polarisation.

The object was to disperse the hydrogen evolved at the
cathode and so prevent it forming a barrier to the passage of
ionse It had been shown during a previous test that if the |
layer of large gas bubbles between the cethode diaphragm and
the cathode was swept away by a Jet of water, the resistance
fell rapidly, only to rise again when the gas layer reformed.

It was thought that a surfsce-active agent such as
ethyl alcohol would reduce the interfacial tension and prevent
the formation of large bubbles.

A test (Pl) similer to ¢l was made in which ethyl
alcohol was allowed to drip continuously into the space between
the cathode diaphregm and the cathode. Only small bubbles of
hydrogen formed and the resistance of the cell was somewhat
lowered. Analysis of the cathode liquid showed that there
was an increase in the amount of both calcium and magnesium

transferred compared to Cl.

(b)/



TABLE VIII,

Attempts to incresge mlectrodislysis.

Test Current(amps). Analysis of Cathode Liguid

No. Initial Final Ca(mg) Mg(mg) Total (mg) Ratio Ca Mg
Pl 0. 30 0.26 50 29 79 1.7
Dl 0. 40 0.26 24 2 26 12. 0
Rl 0.18  0.06 2 6 8 0.3
Fl 1.00 0.30 11 6 17 1.8
Bl 0. 27 0.55 48 22 70 2 2
B2 0.50  0.60 25 9 34 2. 8
B3 0. 45 0.40 25 13 38 1.9
B4 0.34  0.32 68 6 74 11. 3
Fl 0. 40 0.60 29 13 42 2.2

B2 0. 10 0. 60 32 32 64 1.0
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(b) Ionic Pressure.

Inlthis case a test (D1) similar to ¢l was made,
draining the cathode section every 10 minutes and re;filling
it with distilled water, the duration of the test being 40
minutes. |

Two further tests were made involving thetreplacement
of the cathode liquid. 1In the first (Rl), a constant overflow
was produced by allowing distilled water to run continuously
into the compartment at a rate of about 10 ml. /minute. The
test was otherwise the same as Cl. The resistance increased
gradually during the test and was never as low as in cl.

In the second test (Fl), which was otherwise the same
as the first, 50 ml. of distilled water were added to the
cathode chamber every 10 minutes to cause a partial flushing
of the section. The resistance was considerably lower than
ih the previous test but again tended to increase.

Changing of the liquid in ihe cathode section either
by complete renewal, constant overflow, or periodic flushing
has thus been unsuccessful, the increased resistance of the
fresh distilled water more than nullifying the effect of

removing the ions present in the cathode space.

(e)

(i) A test (Bl) similar to ¢l was made in which the cathode
section was filled with a buffer solution of pH 6.5 instead

of distilled water. The resistance of the cell was lower than

before/
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before, tending to reach a steady value. As the test proceeded,
the pH of the cathode section gradually became higher and after
30 minutes was distinctly alkaline, presumably due to electrolytic
dispersion of the buffer solution.

(ii) 9ince the use of a buffer solution had had the desired
effect of permitting the transference of a reasonable amount
of ions to the cathode while draining the cathode had caused
further hindrance, a test wés made in which the cathode section
was filled with buffer solution and the buffer solution
replaced at regular intervals.

The test (B2) was agein similar to ¢l, buffer solution
of pH 6.5 being used in the cathode, which was drained and
re-filled every 10 minutes. The resistance Was again low
and tended to reach a steady value.

(iii) A test (B3) was made as in (i) except that both the
anode and cathode sections were filled with buffer solution
of pH 6,5. The resistance dropped gradually over a period
of 25 minutes at which point the buffering esction had virtually
ceased, the resistance rising again until the end of the test.
It was noted that during the greater part of the run there
was no formation of a layer of large gas bubbles between the
cathode diaphragm and the cathode.

(iv) A final test (B4) was made using 5.0 gm. of each

carbonate suspended in distilled water in the anode section,

10/
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10 ml. of BN. sulphuric acid being added. The cathode
section was filled with buffer solution 6f pH 6.5 and 50
ml. added every 10 minutes to cause a partial flushing of
the compartment, the duration of the test being 40 minutes.
The resistance maintained a steady value throughout the

run, being a little higher than in (iii).

Qbservations on tests using buffer solutions.

The use of a buffer solution of pH 6.5 in the cathode
compartment allowed the migration of amounts of calcium and
magnesium which, although still not very large, are
considerably more than those of other tests.

praeining and re-filling the cathode section at intervals
hindered the migration of cations.

Filling both the anode and cathode compartments with
buffer solution gave smaller amounts of calcium and magnesium
transferred to the cathode section.

Using a larger amount of solid in suspension and adding
buffer solution in 50 ml. portions at regular intervals to
the cathode section gave & good result, much more calcium than
magnesium being transferred to the cathode chamber.

During tests the buffering action was dissipated

presumably because of electrolysis of the buffer solution.

Use of scid.
(1) A test (El) similar to ¢l was made in which dilute

sulphuric /
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sulphuric acid was allowed to drip on to the top surface of
the cathode disphragm throughout. The resistance of the cell
decreased during the run, there being no gas layer in the
cathode section.

(i1) In a further test (E2) 5.0 gm. of each carbonate were
suspended in the anode éection, all other conditions being as
previously. In this case, the resistance did not decrease as

rapidly as in the first test.

Use of ammonium Cchloride - Solution as Suspending Nedium.

It was hoped that the ammonium chloride would take up
the calcium by complex formation, when it would be possible
that the overall charge on the complex ion would be negative,
thus preventing migration of the calcium to the cathode.

(i) AC=1l. 5.0 gme of each carbonate were suspended in a
2% solution of ammonium chloride in the anode section, the
cathode chamber being filled with buffer solutioh of pH 6.5
and 50 ml. of buffer solution added every 20 minutes, the
~applied potential being 40 Ve After 30 minutes the buffer
ceased to be effective and the resistance immediately began
to rise, the test being terminated after 40 minutes.

(i1) AQ=2. This test was the same as (i) except that the
suspension was stirred for 1& minutes before commencing electro-
dialysis in or@er to let the reaction take place between the

calcium and the ammonium chloride. The resistance was again

very/
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very low, but when the buffer ceased to be effective after 20
minutes, it again incressed.

(iii) AC=3. 1In this case the suspension was stirred for
30 minutes before commencing electrodialysis. The behaviour
of the buffer solution and of the resistance was observed to
be very similar to the previous test.'

(iv) ac-4. A test was made under the same conditions as
in (ii), i.e., 2llowing 15 minutes before commencing electro-
dialysis, but using 4% ammonium chloride solution. The
resistance was even lower'in this instance, rising in value
when the buffer solution ceased to be effective after about
15 minutes.

(v) ac=5. For this test a suspension of 5.0 gm. each of
calcium carbonate and magnesium oxide in 2% ammonium chloride
was used, 30 minutes being allowed to elapse before electro-
dialysis was commenced. Other experimentsl conditions were
as before. The resistance was a little higher on this occasion.

/ The results of these tests are given in Table IX.

o b test . . hlorid luti .
The amount of material transferred was again low, but
the effect of causing more magnesium than calcium to migrate
was achieved. It was found necessary to allow a period of time
to elapse before commencing electrodialysis, indicating that some

complex formation was taking place. Use of a strohger solution

.

of/



Test Current(amps). Analysis of Cathode Liquid.

No. Initial ®inal ca(mg).Mg(mg). Total(mg). Ratio Ca/Mg.

Ac 1 1.2 0. 24 6 2 8 3.0
AC 2 1.3 0. 32 5 7 12 0. 7
AC 53 0. 9 0. 33 4 8 12 0.5
AC 4 1.6  0.65 10 6 16 1.7
AC 5 1.9 0.43 4 9 13 0.4
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of ammonium chloride reversed the effect, more calcium than
magnesium migrating to the cathode. A very slightly improved

separation was obtained using a mixture of calcium carbonate

and magnesium oxide.

Addition of Carbon Dioxide.

If a stream of carbon dioxide gas is bubbled into a
suspension of the mixed carbonates, magnesium should be rendered
soluble as the bicarbonste.

(1) gl. 5.0 gm. of each carbonate were suspended in
distilled water in the anode section of the cell, the cathode
chamber being filled with buffer solution of pH 6.5, 50 ml.
of buffer solutioh being added every 10 minutes. Carbon dioxide
gas was bubbled into the anode compartment during the test.

The resistance dropped steadily as the run proceeded and a

slight flow to the cathode was observed.

The amount of material which had migrated was small
but the desired effect had been produced, i.e., more magnesium

than calcium had migrated to the cathode chamber.

The formation of the soluble bicarbonate of magnesium
is achieved more readily from dolomite which has been half-
caleined to give s mixture of calcium carbonate and magnesium
oxide and a test similar to ﬁhe previous one was made, using

a mixture of Analar calcium carbonate and Analar magnesium

oxide to simulate this.
A/
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A modified apparstus (Figure 4), circular in form,
wes used for this test, as a preliminery to the eventual use
of an apparatus in which the anode and cathode liquids would
be constantly circulsted.

(ii) g2 1.5 gm. each of magnesium oxide and calcium
carbonate were suspended in 150 ml. of distilled water in
the anode (inner) section, the cathode (outer) section containing
buffer solution; carbon dioxide gas being passed into the
suspension and 50 ml. of buffer added to the cathode chamber
every 10 minutes, immediately after 50 ml. of the cathode
liguid had been siphoned off. The'resistance rose throughout
the run.

The result was an improvement on that ohtained in the
rectangular cell and was the best separation obtained so far.

It was decided to investigate this further and tests were made
using a new electrodialytic cell.

It had 2lready been shown that cellulosic diaphragms
were useless when acid was used to attack the mineral suspension
but it was thought that such membranes should be quite efficient
when carbon dioxide was the chemical reagent since there would
be no large concentration of interfering ions present.

A small glass cell (Figure 5) was designed and built,
suitable for use with cellulosic diaphragms. Two tests were
made to find the relative effects of carbon dioxide on the

electrodialysis of dolomite and of half-calcined dolomite and

a/
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a third to determine whether or not successive treatments
would yield further separation. |
@3. 5.0 gm. of Duror dolomite (ex 300 mesh B.S.S.)
were suspended in 100 ml. of distilled water and 002 bubbled
through for 2 hours. The suspension was then transferred to
the centre section of the electrodialytic cell, the outer
compartmeﬁts being filled with distilled water. The diaphragms
used were of regencrated cellulose. The current rose from
an initial value of 0.015 amps. to 0O.028 ampse The centre
section became slightly acid as the test proceeded while the
anode and cathode compartments rapidly became very acid and
very alkaline respectively. There was a slight electro-osmotic
flow to the cathode chanber.
g4. A second test was made exactly as above except

that 5.0 gm. of half-calcined Tmror dolomite were used, the
same pre;treatment being given. During electrodialysis the
current rose from an initial value of 0.03 amp. to a final
value of 0.05 amp. mlectro-osmotic flow to the cathode was
observed and the liquid in the cathode chauber became decidedly
cloudy with finely precipitated solid. The centre section
gradually became slightly alkaline while the anode and cathode
compmertments rapidly became very acid and very alkaline
respectively.

g5. The suspension from the centre compartment of the

cell used in the previous test was again treated with carbon

dioxide/
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a third to determine whether or not successive treatments
would yileld further separation. |

@3- 5.0 gm. of Duror dolomite (ex 300 mesh B.S.S.)
were suspended in 100 ml. of distilled water and 002 bubbled
through for 2 hours. The suspension was then transferred to
the centre section of the electrodialytic cell, the outer
compartmeﬁts being filled with distilled water. The diaphragms
used were of regenerated cellulose. The current rose from
an initial value of 0.015 amps. to 0.028 amps. The centre
section became slightly acid z2s the test proceeded while the
anode and cathode compartments rapidly became very acid and
very alkaline respectively. There was a slight electro-osmotic
flow to the cathode chamber.

G4. A second test was made exactly as above except
that 5.0 gm. of half-calcined Turor dolomite were used, the
same pre;treatment being given. buring electrodialysis the
current rose from an initial value of 0.03 amp. to a final
value of 0.05 amp. Electro-osmotic flow to the cathode was
observed and the liguid in the cathode chamber became decidedly
cloudy with finely precipitated solid. The centre section
gradually became slightly alkaline while the anode and cathode

cdﬁpnrtments rapidly became very acid and very alkaline

respectively.

G5. The suspension from the centre compartment of the

cell used in the previous test was again treated with carbon

dioxide/
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dioxide, the gas being bubbled through for a further two hours.
The suspension was replsced in the centre compartment and
electrodialysis carried out as before except that non-
waterproof 02llophane diaphragms were used and the test
terminated after 60 minutes. The centre section remained
slightly alkaline throughout while the anode and cathode
sections became very acid and very alkaline respectively.

The current rose from an initial value of 0.025 amp. to a
final value of 0.075 amp. Again, elecﬁro-osmotic flow to the
cathode was observed while the cathode liquid became cloudy
with precipitated solid.

Results of these tests are given in Table X.

Qbservati ~ 19] ide.

The initial test showed that, while the amounts of
calcium and magnesium migrating were small, the desired effect
of causing more magnesium than calcium to migrate to the cathode
chamber had bsen achieved. The test made in the circular cell
gave an even better separation although the amounts involved
were again very small. The tests made using cellulosic
diaphragms showed that the half-calcined dolomite gave a much
greater transference of magnesium relative to calcium while

on further treatment an even better separation was achieved.



TABIE X.

Test Applied

Current(amp) puration Analysis of Cathode Liquid.

No. P%gsggi?l Initial Final ?gi;:§t %gg) (gg) T?gg ggjﬁg
Gl 40 0.1 0.37 40 8 12 20 0.7
a2 40 0.9  0.30 40 2 25 27 0.08
a3 250 0.02 0.03 90 10 - 10 -

a4 230 0.03 0.05 90 e 15 17 0.153
a5 230 0.05 0.08 60 - 29 29 -




The cell which is shown in Figure 6 was designed
after consideration of the results of all the previous tests.
It was hoped that the constant circulation of both anode and
cathode liguids would help to prevent clogging of the
diaphragm.

Although it was known that the test most likely to
give the best separation of magnesium from calcium would be
the electrodialysis of half-calcined dolomife which had been
treated with carbon dioxide gas, it was decided for the sake
of completeness to do also a test using sulphuric acid and
one using ammonium chloride.

Use of sulphuric acid.

Hl. 15 gme of half-calcined Duror dolomite were
suspended in 1400 ml. of distilled water in the anode chamber
of the circulating electrodialtic cell, 1400 ml. of a buffer
solution of pH 6.5 filling the cathode chamber. 10 ml. of
5N. sulphuric acid were added to the suspension in the anode
section, both anode and cathode contents being circulated
continuously.

The resistance of the unit was very low and decreased
slightly over the first 15 minutes of the test. From this
time the buffering action began to fail, the pH of the cathode
section gradually rising while the resistance also began to

increase slightly. A definite cloudiness developed in the

cathode/
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cathode liquid due to precipitated solid.
Use of Ammonium chloride solution.

H2. 15 gme of half-calcined puror dolomite were stirred in
150 ml. of 4% ammonium chloride solution for 2 hours prior to the
teste The suspension was then transferred to the anode section and
distilled water added to make a total volume of 1400 ml. The
cathode chamber contained 1400 ml. of a buffer solution of pH 6. 5.
The resistance of the unit was very low but increased slightly as
the buffer began to fail in the later stales of the run.
Use of Carbon Dioxide.

H3. 15 gms of half-calcined Duror dolomite were suspended in
150 ml. of distilled water and carbon dioxide gas bubbled through
for 2 hours. The suspension was then transferred to the anode
section of the cell and the total volume made up to 1400 ml. with
distilled water, the cathode space containing 1400 ml. of a buffer
solution of pH 6.5. The resistance of the cell was very low but
increased slightly as the effect of the buffer began to cease.

Results of these tests are given in Table XT.

] v !. ! ! i B . !] . ] I. J ; :- ] Io
apparatus.

In all three tests the amount of magnesium transferred was
greater than the amount of calcium, even with sulphuric acid as
the chemical reagent.

As was hoped, the last test using a suspension of half-
calcined dolomite, pre-treated with carbon dioxide, gave the best

separation and greatest amount of magnesium yet made to migrate.



IABLE XI,

Test Applied Current(amps) Duration Chem- Analysis of Cathode
Potential of ical Liguid. -
No. (volts) 1Initial Pinal test ©reagent ga Mg Total Ratio
(mins) used (mg) (mg) (mg) Ca Mg.
H1 12 1. 40 1. 15 45 HoS04 44 152 196 0. 29
H2 4 0. 70 0. 65 45 NHy4Cl 52 56 108 0. 93
H3 6 1. 00 0. 85 60 COg 12 344 356 0. 04




Previous tests had shown that calcium appeared to be

adsorbed less strongly then magnesium and an investigation
was made of the possibility of using this as a means of

separation.

A material was regquired which, ideally, would adsorb

both calcium and magnesium ions strongly in order that a

simple washing with water would not remove the adsorbed ions.

If such a material could be found, it might be possible to
electrodislyse a suspension of it after zdscrption of the
ions so that calcium would be stripped off preferentially,
leaving the magnesium to be #gcovered at a later stage, by
an acidwesh for examplé.

A firm dealing with such materiels was approached
but was unable to suggest any type of meterial which would
be suitable.

It was decided, therefore, to experiment with
kieselguhr, although it was not thought very practicsble
since this material was unlikely to have the desired
propérties.

(1)  adsorption.

A charge of kieselguhr, supported on a circle of

wire gauze, was formed in an adsorption column and solutions

of calecium and magnesium salts were allowed to percolate.

The /
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The kieselguhr was then packed into & glsss tube fitted
with a stainless steel gauze electrocde =zt either end and
a potential applied.

It was hoped that an electirc-osmotic flow would
be set up towards the cathode which would enhance the
removal of adsorbed ions. Severe electrolytic disturbances,
however, rendered the experiment impracticable. This was
attributed to the presence of acid remsining in the
kieselguhr after adsorption. Since it was not possible
to wash out the acid without removing the metsl cations,
this system was abandoned.

A further test was made in which the treated
kieselguhr was electrodialysed in the centre compartment
of the cell shown in Figure 5, using non-waterproof
Cellophane diaphragms.

50 ml. of a solution of calcium chloride, containing
‘0.22 ge of calecium/100 ml., and 50 ml. of a solutiorn of
- magnesium oxide, containing 0.32 g. magnesium/100 ml. were
allowed to percolate through a column of 185 g. of kieselguhr.
After the adsorption process, the kieselguhr was suspended
in 100 ml. of distilled water and electirodislysed for 1 hour
at a potential of 230 V. The current rose steadily
throughout, the anode and cathode sections becoming distinctly
acid and alkaline while the centre compartment retained its

original/
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original acidity. Analysis of the cathode liquid showed the
presence of 0.0l1l g. of calcium and s negligible amount of
magnesium.

This result was in accordance with expectations but,
once again, the amounts involved were very small and, as was

suspec ted, kieselguhr is not a particularly suitable medium.

DISCUSSION OF RESULLS AND CONCLUSIONS,
Practical netails.
(a) Electrodialyvtic cells.
(1) Materials of construction.

The materials which have been used in the construction

of the electrodialytic cells employed are Perspex and glass,
except in the circulating cell (Figure 6) in which the carbon
cathode forms the cell wall.

Perspex, while capable of wide application, has the
disadvantages of being very readily affected by heat or even
by excessive strain, causing leakage. This was specially
noticeable in ¢ell II (Pigures 2 and 3), the flanges gradually
becoming distorted and leaks developing here and at other
points where sections had sprung to some extent.

Glass, while it does not suffer from this fault, gives
difficulty in the making of a watertight seal. If a flange

is desired, it becomes necessary to grind the glass faces to

a/
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a perfectly flat surface.

Since the cell is normally sectional the methods of
securing the various sections must be compared.

Perspex can be flanged, the flanges tapped and the -
sections held by screwing them together. @Glass, on the other
hand, can not be treated in this way and some system of
tension must be incorporated, such as a series of springs
so placed that they force the sections together.

In designing cell 1V (rigure 5), however, these
disadvantages were overcome fairly simply by using rubber
bungs as shown. A watertight joint was obtained and the
cell could be easily dismantled.

(ii) gShape of the cell.

The rectangular shape of Cells I and II was found
to be not altogether suitable. The centre section had to
be séuare in form if efficient agitation was desired. These
cells had the advantage that the separation of the electrodes
could be altered at will while in Cell IV a series of centre
sections of varying length would have to be employed. The
circular cell, however, was better from the point of view
that the disphragm area, being smaller than that of the
outer section, could be covered completely by an electrode
and yet leave enough space for circulation of liquid in
these sections. In the rectangular cells, the electrodes

tended to block the free movement of material in the outer

sections.

cell/
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Cell ITI(Figure 4) with electrodes and diaphragm
circular anc concentric showed the way to the construction
of Cell Vv (Figure 6), in which the need for an outer cell
wall was obviated, the carbon cathode being used.

A final point in favour of the round cell is the
fact that its closed nature and shape mske circulation
easier. '

(iii)gpecial festures.

Cell I, the prototype, was used to discover the
points which would have to be considered in designing
further cells.

The main factors which emerged were:

1. The centre section must be square to allow efficient
agitation.
2e overflow outlets were required in each compartment

to prevent the building up of a hydrostatic head.
3 The cell had to be sectional and easy to assemble
and dismantle.
All of these points were incorporated in Qell II.
Ccell IV had the sdvantage of being constructed in
glass rather than in Perspex, the rubber rungs serving the
double purpose of securing the diaphragms and providing a
watertight join between sections.

cell ITIwas used as a forerunner of Cell Vv and as

such /
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such was not by any means perfect in istself. Once again the
gquestion of Joining compartments was encountered and was here
solved by using a pot as the diaphragm, the anode space being
inside it and the cathode space outside.

Cell v was the final design, built to fulfil the
requirements indicated by previous experiments. Its outstanding
differences were:

1. The use of the cathode tube as the outer wall.
2e Circulation of both the anode and cathode liguids
throughout &ests.

In this spparatsus, watertight joins were achieved by
holding the concentric electrodes and diaphragm tightly
between ené-plates by means of tie-rods, the various parts
fitting into rubber-gasketed recesses.

(b) Electrodes.

Iron electrodes, as used in Cell I, were found to be
unsuitable because of contamination of the cell contents
caused by electrolytic attack on the iron.

Carbon was a much better material but was attacked when
used as anode by nascent oxygen which caused a gradual wearing
aways.

Platinum electrodes (Cell IV) were excellent in all

respects but nickel was also bubject to electrolytic attack.

(e)/
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(c) Diaphregms.

(1) Porous esrthenwere. |

guch diaphragms were used in all of the electro-

dialytic cells except cell 1IV. for which they were not
suitable. Disadvantages were contamination of the cathode
liguid with alumina derived from them and a tendency to
become clogged. |

(ii) cellophane.

" The electrodialysis of suspensions in which an
ecid was present proved impossible with Cellophane diaphragms,
éince their porosity was apparently so low that the hydrogen
ions only, being smaller and faster, monopolised the
diaphragm and little or no other material coulé migrate.

with suspensions in which the aveilable ions were
only those which it was desired to cause to migrate,
Cellophane was found to be a highly suitable materisl, since
there was no contsmination derived from it and also since
the diaphragms need only be used once and discarded.
Resistance to acid, elkali and water immersion was good,
the only Qisadvantage being again a tendency to become
cloggede

(iii) gelluloge acetate.
This material was found to be unsuitable for use

with acid, scting similerly to Cellophane while it had the

further/
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further fault of cracking when attempts were mede to use
it in Ccell IV,.
(iv)  Parchment paper.
Behaviour exactly similar to cellulose acetate
was found.
(v)  Regenerated celluloge.
This was found to be very similar to Cellophane

in its behaviour.

(d) clogging of niaphragms.

From the very first tests made it was apparent
that clogging of the cathode diaphragm was going to cause
trouble.

The first example of this was observed when a stain
of ferric hydroxide formed on the diaphragm in the preliminary
testse Since iron electrodes were in use, it was hoped that
the use of carbon would eliminate the effect.

Again, when & series of tests was made using tap
water in cell II, the rate of electro-osmotic flow to the
chanmber was seen to increasse with applied potential until
latterly when it fell away badly. A stain of ferric hydroxide
was present on the diaphragm.

Using a suspension of magnesium and calecium
carbonates in distilled water, clogging was agaln experienced

but in this case there was no visible staining of the

diaphragm/
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diaphragm.. It was observed, however, that the level of
liguid in the centre compartment was rising. A test of the
porosity of the cathode diaphragm after the tests showed that
it had been badly impaired. It was found necessary tc scak
the cathode diaphragm in acié after it hed been used in &
test, in order to free it of precipitated soclid.

Attempts were made to prevent this occurrence by the
use of buffer solutions and by changing the liguid in the
cathode compartment either continuously or periodically.

A slow continuous flow of water through the cathode
chanber wes not effective in preventing the pH in that
compartment from becoming strongly alkaline, nor did
draining the chamber and re-filling it with distilled water
from time tc time prove successful.

The addition of quantities of water at intervals
to the cathode space gave an improvement which indicated
that a fairly vigorous agitation might be beneficial.

The use of & buffer solution of pH 6.5 was successful
in keeping the pH of the cathode section from becoming
alkaline for a period, the buffering action eventually
being lost due to the migration of ions away from the
cathode. TFurther evidence supporting that already obtained
regarding the use of a slow continuous flow and of periodic

addition of 1liquid to cause a partial flushing was obtained
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using buffer solution. Once again it was seen that the most
effec tive method was the latter.

The application of a continual drip of acid on to the
cathode diaphragm to prevent precipitation while effective

to some extent, was discarded as impracticable.

‘RBlectrodislysis of calcium-Magnesium mixtures.
(1) without sddition of chemical reagent.

There was very little transference of cations to the
cathode space from a suspension of the materials in distilled
water. This was to be expected since the solubility of
dolomite in water is very slight and it is obviously necessary
to have the constituent which it is desired to remove present
in the form of ions.

gince calcium and magnesium occupy neighbouring
positions in the electro-chemical series, it would not be
expec ted that a successful separation could be effected using
the very slight difference in electrical charge between the
two. The decision was, therefore, taken to attempt to bring
the magnesium into solution from whence it could be caused fto
migrate to the cathode while keeping the calcium in an insoluble
form and so effect a separation.

The first point of difference in solubility noted was

between calcium and magnesium sulphates, the former being only
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gparingly soluble in water while the latter is readily soluble.
(ii) Addition of sulphuric acigd.

The results of tests made in which the mixture of
carbonates was suspended in distilled water to which sulphuric
acid had been added are shown in Table v.

Ra ther unexpectedly it was noted that in &l1l cases
more calcium than magnesium hed been transferred. Ieaving out
considerations of solubility for the moment, it woulé thus
appear that when calcium and msgnesium ions are both avsilable
the calcium ions are preferentislly sepsrated. Two ressons
suggest themselves in explanaticle

Firstly, the calcium ions may migrate more rspidly
than the magnesium ions. At first sight this seems unlikely
since the latter are smaller ions, but it is known that all
ions are hydrated in solution in water. Wells (211) states
that all ions of positive charge ere permsnently hydrated in
solution, the co-ordination number being € in the case of all
ions except the largest (X%, NH4*, w*, os’ snd T1%) which
are not hydrated, while the univalent ions are 4 co-ordinated.
Thus, calcium and magnesium have the seme co-ordination number
but magnesium, being the smaller, willahold the hydrating
ions more firmly than the celcium and will be retarded more

than calcium.

Riehl and wirths (212), in experiments invelving
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dialysis through cellulosic membranes, found almost identical
diffusion rate coefficients for a number of ions including
calcium and magnesiume They stated that mass had no effect
and that hydration tended to equalise the volumes.

The above reasoning does not, therefore, seem to be
the correct explanation.

Secondly, it is possible that on reaching the cathode
diaphragm, the magnesium ions are strongly adsorbed while
the calcium ions, being not so strongly adsorbed, can migrate
more readily into the cathode section. This theory is
supported by the evidence of a number of workers, mainly
derived from electrodialysis of soils etc., to remove the
adsorbed cations. Mattson (123) found that the order of
appearance in the cathode of cations electrodialysed from
colloidal soil material was calcium, potassium and sodium,
magnesium, aluminium, manganese and iron. Wilson (124),
using electrodialysis in the removal of adsorbed cations
from soil found that the most readily removed was potassium
followed by calcium. Magnesium was removed very slowly and
aluminium hardly at all. Oosugi and Aoki (125) found that
when soils were electrodialysed, the order of migration
to the cathode wss calciumj magnesium, potassium and sodium;
aluminium and iron. Puri and Hoon (127), in similar work,

gave the order as sodium, potassium, calcium and magnesium
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stating that calcium was slowly removed and magnesium

hardly at all, snd the same authors (128) having carried out
further investigation, stated that magnesium was slways removed
much more slowly than the other cations.

Consideration of this evidence indicates that the
theory of strong adsorption of magnesium is probably the correct
one and it is put forward here to explain the apparently
illogical phenomenon of calcium being transferred in greater
guantity and more rapidly to the cathode chamber.

(iii) Use of cellulosic diaphrsgms.

Because of the contamination of cathode liguids with
alumina derived from the earthenware diaphragms and since these
diaphragms became rather badly clogged during tests, it was
decided to experiment with diaphragms of cellulosic material.
It was found that Cellopheane, cellulose scetate, parchment
. paper, and regenerated cellulose were all totally unsuitable
when acid was used in the suspension. While considerable
electrolysis took place, very little solid was found in the
cathode section on evaporation to drynesse

The main difference between these diaphragms and those
of porous earthenware is that the former are much less porous.
It is thought probavle, therefore, that hydrogen ions, being
very small and fast relative to the calcium and magnesium
ions, "ecrowded out" the larger ions and prevented them from

migrating through the diaphragm to the cethode to a very great
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extent.
(iv) Use of greater concentration of golid.

Little information could be derived from tests in
which greater concentrations of solid and larger amounts of
acid were used. It was felt that any differences were being
negatived due to the precipitation of solid in the cathode
diaphragm. The amounts of calcium and megnesium migrating
to the cathode were so small that it wes considered better
to investigate this before going further.

(v) Attempts to increase amount of migration.

The three main reasons for a low migration rate, i.e.,
polarisation, ionic pressure and the precipitation of material
in the diaphragm have already been discussed.

The addition of ethyl alcohol to prevent the formation
of a barrier of large bubbles of hydrogen between the cathode
diaphragm and the cathode was successful.

changing of the liguid in the cathode chamber by
draining and re-filling with distilled water, continuous
introduction of distilled water or periodic pértial flushing
proved unsuccessful.

Using @ buffer solution of pH 6.5 as the cathode
liquid was successful in that it kept the pH of thst section
from becoming strongly alkaline for some time. Electrolysis,
however, gradually destroyed the buffering action, presumably

due to migration of the ions of the buffer solution.
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It was observed that draining the cathode chamber
and re-filling it with fresh buffer solution at inter#als
hindered the migration rates, as hasd happened with distilled
water.

The use of buffer solution in both compartments also
hindered the migration rates. The buffer solution is known
to have‘only potassium and sodium as cations and it is
postulated that the preferential electrodialysis of these
ions, in accordance with the theories previously discussed,
was the cause.

Periodic flushing with buffer solution was found to
be more successful and again indicated the value of a vigorous
disturbance around the diaphragm.

Dripping acid continuously on to the top surface of
the cathode diaphragm in an attempt to prevent precipitation
of solid was fairly successful but the method was discarded

as impracticable since contamination with alumina was rather

heavy.
{vi) £ a i c 14s] tion.

As an alternative to the use of sulphuric acid, it
was decided to find the effect of suspending the mixed
carbonates in ammonium chloride solution by which means it
was hoped that a complex ion might be formed involving calcium
which might then have a negative overall charge.

The /
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The amounts of calcium snd magnesinm migrating to
the cathode were small but it was found possible to cause
more magnesium than calcium to migrate, bearing out the
theory of complex formation. It was necesszry to aliow a
period to elapse before commencing elecirodiaslysis so that
the complex formation hed time to take place.

The use of stronger ammonium chlsride caused more
calcium than magnesium to be transferred to the cathode
section and it is suggested that at the highser currents
prevailing the complex ion may be broken up, releasing the
calcium.

A test using calcium carbonate and magnesium oxide to
simulate a half-calcined mixture gave very slightly more
magnesium transferred than in the corresponding test but
with the mixed carbonates, possibly due to a slightly greater
solubility effect.

This method, although poor from the practical viewpoint
of amounts transferred, was successful in that it was shown

to be possible to reverse the normal ratio of calcium to

magnesium migrating.

(vii) Use of carbon dioxide gas.

Passing a stream of carbon dioxide ges through &
suspension of the mixed carbonates of calciun and magnesium

should cause solution of the latter in the form of bicarbonste.
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This method seemed feasible since it would give only the
desired ions in solution without the possibly harmful and,
at any rate, wasteful presence of free hydrogen, sulphate,
ammonium or chloride ions in solution as is the case when
sulphuric acid or ammonium chloride is used as the chemical
additive.

A first test (Gl) showed that more magnesium than
calecium could be caused to migrate, although the amounts were
small.

A new design of apparatus, Cell ITI(Figure 4) was
used with a view to testing the possibility of a concentric
arrangement of the electrodes, an improved result being
obtained (G2). The Cell was intended as a prototype of
a cell basicallysimilar, in that a concentric arrangement
of electrodes and diaphragm was envisaged but in which constant
circulation of the anode and cathode liguids would be possible.
It was hoped that this circulation would improve the migration
rate by causing a disturbance of the liquid around the
diaphragm, thus helping to remove any film of precipitated
solid which might tend to forme

Before this apparatus was tested, however, it was
decided that the use of carbon dioxide made possible the
employment of cellulosic diaphragms which, it will be

remembered, were found unsuitable for use with acid.
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Tests were therefore made in a glass cell (Figure 5)
using cellulosic diaphragms (G3 - G5) and, for the first time,
Duror dolomite was used.

The results indicated that it was necessary that the
dolomite be half-calcined if the separation was to be successful.
It was further shown that a second treatment allowed further
separation to be achieved.

The fact that migration of calcium and magnesium
occurred substantiates the theory, stated earlier, that when
acid was used hydrogen ions migrated through the diaphragm to

the complete, or almost complete exclusion of calecium and

magnesium ions.

(viii)

For the sake of completeness, tests were made using
Cell V (Figure 6) with sulphuric acid, ammonium chloride and
carbon dioxide as the chemical additives, half-calcined Duror
dolomite being used in all these tests.

It was found that more magnesium than calcium migrated
to the cathode in each case.

In accordance with previous work, the final test,
using carbon dioxide, gave an excellent separation and the
amount transferred was by far the greatest achieved in any
test, confirming the belief that vigorous circulation would

assist in the breakdown of precipitated films of solid on the
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diaphragm.

It may be concluded, therefore, that the separation
of magnesium from calcium, as they occur in dolomite, can
be achieved electrodialytically.

The following conditions must'be observed:
1. The dolomite must be calcined at a temperature which
will cause conversion of the magnesium carbonate to magnesium
oxide, leaving the calcium carbonate unchanged.
2e EBlectrodialysis must be carried out in a cell in which
circulation of both the anode and cathode ligquids can be made.
3e A buffer solution must be used in the cathode chamber
to prevent that section from becoming strongly alkaline.
4, Diaphragms should, preferably, be of porous earthenware
since Cellophane, although otherwise suitable, may not be

strong enough to withstand the force of the circulating

liquidss .
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gegeral.

Previous work on electrodeposition, as stated in a
previous section (p. 49), has been mainly concerned with
the formation of insulating coatings of inorganic materials
on wires, tubes etc., for use in electrical work, and the
deposition of coatings of rubber. Purification of clays
by electrodéposition has also been investigated.

In the present work it was hoped to find applications
of electrodeposition for the separation of calcium and
magnesium in dolomite or, more feasiblﬁ, the removal of acid-
insoluble material.

Previous Work.

The electrodeposition of powdered inorganic materials
from suspension in organic liquids has been described by
Hamaker, (146) who obtained deposits of barium carbonate,
strontium carbonate, magnesium carbonate, magnesium oxide,
aluminium oxide and calcium fluoride from suspension in methyl
alecohol, ethyl alcohol, acetone and mixtures of these. He
'derived an expression reiating the amount of deposit to the
concentration, the electrical field, the electrode surface,
the time and a constant dependent on the chemical constitution
of the suspension. A rapid decrease in current was observed
in some cases while deposition was proceeding, which he

attributed to strong polarisation in the coating. Irregular
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results were obtained when low concéntratiéns, low voltages
and short times of deposition were employed.

Hamaker and Verwey (142) have discussed the role of
forces between particles in electrodeposition, stating that a
stable suspension is necessary for the formation of a deposit
and drawing a parallel between deposition obtained electrically
and that obtained by sedimentation. They examined deposition
under conditions where no energy minimum existed in the
charge /distance of separation curve for the particles and
showed that deposition was still possible. It wés pointed
out thaf deposits could be obtained which had s high mechanical
strength while others might be very fluid in nature.

Hamaker (147) concluded that deposit-formation would
not be greatly inflwe nced by particle size since the forces
exerted on the particle by the electrical field vary similarly
to the forces acting between the particles.

Benjamin and Osborn (145) described the electro-
depbsition of oxide coatings using alkaline earth carbonates
and alumina deposited on nickel or tungsten wire. Deposits
of the carbonates were obtained from methyl alcohol and

acetone but not from ethyl alcohol, propyl alcohol, butyl
alcohol or amyl alcohol. Deposition from agueous suspension

was disturbed by gas formation at.the electrodes. They

reported an apparent polarising sction with the carbonates

but not with alumina. The addition of small amounts of
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water, acid or alkasli haﬁ little or no effect but larger
quantities of acid or'alkali inhibited the deposition. Details
were given of the use of ethylene glycol to increase the
viscosity of the suspending medium and of nitrocellulose
as a binder.

Hill, Iovering and Rees (149) examined, theoretically
and experimentally, the deposition of materials from non-aqueous
media, taking into account the mutual interaction of the
particless They used a double carbonate of barium and
strontium and determined the yield for various concentrations
of suspension and at various potential differences. When high
polymers were dispersed in the suspending medium a "critical
voltage" appeared. They also found a critical time at which
deposition set in and determined its dependence on applied
potential and cathode radiuse. The critical voltage was
thought - to be due to a sudden change in electrokinetic
properties caused by the introduction of the resin into the
double lsyer. These authors stated that on no occasion did
they observe any decrease in current during deposition,
unless sufficient water was present to cause obvious gas
evolution and they agree, therefore, with Hamaker's conclusions
that such a drop is due to polarisation, attributing the results
of Benjamin and Osborn to the presence of excessive moisture

derived either from the suspending medium or from the suspended
material.
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~ Apparatus.

The apparatus used is shown in mpigures 7 and 8, the

electrical circuit being that shown in pigure 10.

Materials.
The materials used were:

Calcium carbonate (Analar); light magnesium carbonate

(B.P.); heavy magnesium carbonate; msgnesium hydroxide (Analar);

calcium hydroxide (Analar); two samples of dolomite from Duror,
Argyllshire and from Kishorn, Ross and Cromarty; half-calcined

Duror dolomite; and dead-burnt Duror dolomite.
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EXPERIMENTAL,

PRELININARY TESTS,

The apparatus used was that shown in Pigure 7.
Suspensions of calcium carbonate, light magnesium carbonate
and dolomite were prepared in methanol and electrodeposition
attempteds. Deposits were obtained with all three, magnesium
carbonate being the most coherent and calcium carbonate the
leaste It was noted that the currents obtained during
deposition of calcium carbonate were considerably heavier
(ca. ten times) than those with magnesium carbonate. An
improved apparatus (Figure 8) was designed and used for all
further tests.

Initial tests made during suspensions of caleium
carbonate in ethyl alcohol gave very erratic results, high
currents being obtained and electrolysis occurring. Deposits

were very weak and tended to slip off the cathode during

and after deposition.

For a systematic investigation of the variables
affecting the process, therefore,Zethanol was used as the 7 ™~
suspending medium. The currents 6btained were lower, no
electrolytic disturbances occurred and deposits were more

coherente.

Experimental Procedure.

The method adopted was to make up the suspension in

&/
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a suitable beaker, and immerse the electrode assembly to a
fixed depth, supported on the rim of the vessel by w&oden
struts. Electirodeposition was then carried out for a given
time, readings of the applied potential and current being
taken. The electrode assembly was lifted from the suspension,
the rubber collar supporting the cathode removed, and the
rod pushed clear of the anode cylinder. The depésit was
now removed from the rod, placed in a previously weighed
filter paper, dried in an electric oven and weighed.

The reproducibility of results obtal nable using this
method was of the order of 2 per cent.
Experimental Results.

The results obtained are shown in Tables XII - XX
and in pigures 13 - 20.

The following abbréviations gre used:

MAG. CARB. light magnesium carbonate.

HVY. MAG.CARB, heavy magnesium carbonate.

CAL. CARB. calcium carbonate.

MAG. HYD, magnesium hydroxide.

CAL. HYD, calcium hydroxide.

DUR. DOL, puror Dolomi te.

KIS. DOL. Kishorn dolomite.

HCD, Haif-calcined Duror dolomite.
DBD, Dead-burnt Duror dolomite.

The /



-125-

The standard conditions of experiment adopted were:
Using calcium carbonate - 50g. suspended in 500 ml. ethyl
alcohol. Potential of 150 v. spplied for 30 seconds at room
temperature. Length of electrode immersed 1 in.
Using magnesium carbonate (light) - 20g. suspended in 500 ml.
ethyl alcohol. Potential of 150 v. applied for 30 seconds
at room temperature. ILength of electrode immersed £ in.
ﬁffgct of presence of water.
Calcium carbonate only was used. conditions were
standard except that the suspending media used were methyl
alcohol, methyl alcohol containing 2% water, ethyl alcohol,
and ethyl alcohol containing 2% water. The results of a
gceries of tests in which the applied potential was varied

are given in Table XVII and in Figure 17 from which it may

be observed that the presence of water has no apparent effect.
When 10-20% water was present the amount of dgposit tended

to decrease and was rather wet.

Effect of presence of acid.

Calcium éarbonate only was used for this test under
standard conditions of concentration in ethyl aleohol, varying
amounts of sulphuric acid being added to the suspension. A
Potential of 100 volts was applied for 30 seconds. The addition

of a small amount of dilute acid showed no effect but a larger
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quantity inhibited deposition completely.

Effect of purity of suspending mediunm.

Calcium carbonate wes used for this series of tests
in which standard COnditibns were employed, apart from the
suspending media, which were absolute methyl alcohol,
commercial methyl alcohol (two samples), commercial methyl
alcohol with 2% water added, absclute ethyl alccheol, cormercisl
ethyl alcohol and cormmercial ethyl alecohol with 2% water
added. In each case, a series of tests were made at different
applied potentials. The results are shown in Table XVII and
in pigure 17. It will be seen that absolute methyl alcohol
gave the greatest amount of deposit, one sample of commercial
methyl alcohol and the same sample with 2% water giving
somewhat lesse The other sample of commercial methyl alcohol
gave completely erratic results. No significant differences

were observed in the results obteined with the ethyl alcohol.

Effect of different suspending media.

Both carbonates were used in this series of tests
which was made in a smaller container. 15 gm. of calcium
carbonate and 5 gme of light magnesium carbonate were used
each in 150 ml. éf liquide A potential of 240 volts was
applied for 30 seconds. The liguids were all of Analar
quality, excent n-propyl alcohol, which was of B.P. standard,
and cyclobexanone, which was re-distilled. The results are

shown /
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shown in Table XVIII, together with the values of the dielectric
constant, and in Figure 18 which shows the amount of deposit
plotted against the dielectric constant of the liguid
concerned. With two exceptions the amount of deposit increased
with increasing dielectric cdnstant, the exceptions being
ace tone and nitrobenzene.
Effect of CQngegtnagiQn;

stendard conditions were used, but methyl alcohol was
used as suspending medium for all the materials gxcept calcium
and light magnesium carbonate. The concentration of solid
in suspension was increased throughout the series. The results
are gi?en in Table XIX. calcium carbonate (Figure 19) and
two samples of dolomite all gave a linear relationship, but
with light and heavy magnesium carbonates, and calcium and
magnesium hydroxide, increasing concentration caused a very
rapid increase in the amount of deposit.

Using samples of Duror dolomite, half-calcined Duror
dolomite and dead—burnt puror dolomite (Figure 20), a rapid
increase was found iﬁitially, becoming linear at higher
concentrations. The actual amounts of deposif obtained at
équal concentrations increased in the order - dolomite,
half-calcined dolomite, dead-burnt dolomite.

Effect of ®ineness of Material.

Two camples each of calcium carbonate and heavy
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magnesium carbonate were used, one without grinding and the
other after grinding for 2 hours in a pebble mill. Deposition
was carried out for 30 seconds at 240 V. using a concentration
of 15g. in 150 ml. of methyl alcohol. The results (Table XX)
showed no difference with the calcium carbonate hut a
considerable increase in the amount of deposit with the

ground magnesium carbonate as compared with the unground

material.

Additional information about the materials used was
obtained from infre-red absorption curves and from

pho tomicrographse.

The infra-red absorption spectra were recorded using
a double-beam spec trophotometer and will be found in Appendix
I (Figures 23 and 24).

The photomicrographs were made using a Vickers
- projection microscope and afe giveh in Appendix II. (Plates

5 ~ 16).

The results obtained are presented in Table XXT.

DISCUSSION OF RESULTS.

The observed linear relationships between the amount
of deposit on the one hand and time, concentration (in some
cases), applied potential, and electrode surface on the other,

are in agreement with the results of Hamaker (146) and of
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Biguenet and Mano (150). The latter also reported a decrease
in the amount of deposit with increasing temperature, which
was not observed in the present investigation.

The initial portions of the graphs, between the origin
and the first experimental point are, in some cases, not s
smooth continmuation of the rest of the curve and this is
attributed to the unique conditions existing at this stage.
The initial deposit is formed on the surface of the cathode
rod while material deposited later builds up on the previously
deposited coating. It follows that, ih the lower region of
the curve where the weight of deposit is small, the former
effect will be relatively large.

The fact that many of the curves depart from a linear
relationship is thoﬁgﬁt to be due to the guantities dealt
withs Very large deposits were obtained, and the departures
may well have been due to deposited material breaking off
under its own weight. The point at which this occurs
appears to vafy considerébiy, possibly because the mechanical
strength of the deposit is dependent, to some extent, on
the experimental conditioﬁs. Previous experiments on the
other hand, have been on a very much smaller scale, where
deposits were not sufficiently heavy to cause any difficulties.

The results obtained when water and acid were added

to the suspending medium agree with those published by
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Benjamin and Osborn (145), while the very erratic results
obtained with a pérticular sample of commercial methyl
alcohol (Figure 17) show the advisability of ensuring the
purity of the suspending medium.

The exceptional behaviour of acetone is not in
agreement with previously published work, Hamaker (146),
Benjamin and Osborn (145), and Biguenet and Mano (150)
reporting normal deposit formation. An obvious differeﬁce
between acetone and the series of alcohols used is the
absence of the hydroXyl group in the former, the enol form
in acetone being vanishingly small under the experimental
conditions. To check this point, c¢yclchexanone was used as
suspending medium, since it is known to have about 12% enol
form under normal conditions (213). The results indicate
(Figure 18) that the presence of the hydroxyl group in the
‘suspending mediumisnecessary for successful deposition, while
with hydroxyl groups in the suspended solid, deposition is
enhanced and unusual concentration effects are observed.
(Figure 19).  The possibility of some form of hydrogen
bonding involving hydroxyl groups must be considered, a factor
which is not possible with acetone suspensions.

The rapid increase of deposit with increasing
concentration is also unexpected. The particle size examination

showed that this was certainly not a controlling factor and it
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was observed that these sbnormal results were obtained with
solids which contained hydroxyl groups and not with those
which had no hydroxyl groups. The suspensions in which the
effect was noted were observed to be almost pastelike at
the higher concentrations and Hill, Lovering and Rees (149)
have pointed out the probability of abnormal results under
such conditions due to interaction of the suspended particles.
Cohsidering this effect in conjunction with that noted with
acetone, it is tentatively suggested that hydrogen bonding
may play an important part in determining the interaction
of partiéles in suspension. - |

The current almost always decreased during deposition,
by an amount showing a general parailelism with the amount
and firmmess of the deposite If the deposit was wet, the drop
in current was less than if the deposit was relatively non-
porous. Even when every precaution was taken to ensure the
absence of water from both the suspended solid and the
suspending medium, the current still decreased during
deposition. It would seem, therefore, that the effect is due
to the insulating effect of the coasting of inorganic meterial
on the cathode surface and not to polarisation.

Currents were always higher with calcium carbonate

than with magnesium carbonate when suspended in methyl alcohol

and at higher concentrations were so large that excessive
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heating was unavoldable, thus preventing any examination
of the effect of very high concentrations of this material.
It would appear that some reaction must take place between
the calcium carbonate and methyl alcohol giving rise to
ionisation. It proved impossible to work at high‘concentrations
of calcium carbonate in ethyl alcohol, owing to the extreme
weakness of the structure of the deposit, which broke away
from the electrode under its own weight as soon as the applied
potential was removed. It was, therefore,  not possible to find
out whether calcium carbonate could be made to exhibit the
abnormal increase with concentration observed with the basic
magnesium carbonates. |

The results obtained using Duror dolomite and the
same material after partial or complete calcination show a
different type of increase with concentration, the effect
being most apparent at lower values. It was also seen that
the amount of deposit obtained at equal concentrations was
greater with dead-burnt dolomite than with the half-calcined
material while that with the half-calcine was greater than
the original dolomite. It is thought, therefore, that the
controlling factor here is the closer packing of the molecules

made possible by the removal of some of the carbonate in one

case and all of it in the other. The half-calcined and dead-

burnt dolomite were observed to have become amorphous, whereas

the /
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the original dolomite was crystalline and the strength of the

deposit may have been increased as a result of better packing

and sintering of the deposit. This view is supported since it
was observed that deposits of calcined dolomite were much more
adherent and coherent.

Reference to Plates 5, 6, 8 and 9 (Appendix II), will
show that the grinding of caleium carbonate was not nearly so
effective as with heavy magnesium carbonate and this explains
why an increased deposit was»obtained with one and not with
the other. The reason for the increase with magnesium

carbonate may be closer packing of the finer material.
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IABLE XII,

Variable. Material. pigure. Remarks.
Tempe. Ca Carbonate 13 Tendency for amount of deposit
: ; to increase with increase in tempe.

(12-32°c) Lt.Mg.carb. 13 Little or no effect.

App.Pot.e Ca carbonate 14 Linear increase in amount of deposit
with increase in applied potential.

(50-230V) Lt.Mg.carb. 14 Linear increase initially, falling
away latterly.

Blectrode Ca carbonate 15 Linear increase in amount of

Surface deposit with increase in amount
of electrode surface.

(Ce 6~-3.5 Lt lMg.carb. 15 Linear increase in amount of

in. length) deposit with increasing electrode
surface.

Time. Ca carbonate 16 Linear increase initially with

. increase of time, falling away

latterly.

(30-180  Lt. Mg. carb. 16 Linear increase in amount of

secs. ) deposit with increase of time

initially, falling away latterly.




TABLE XIII.

Effect of Temperature.

Calcium (Carbonate

Temp. (°C. ) Current Drop(ma) Weight of Deposit (gm.)

12 0 0. 30
16 5 0. 53
20 5 0. 36
24 5 0. 38
28 5 0. 39
32 5 = 0. 43

Light Magnesium Carbonate

Temp. (°C. ) gurrent Drop (ma) weight of Deposit (qm)

12 0 0. 28
17 0 0. 27
20 0 0. 26
24 0 0. 25
27 0 0. 26 -
31 0 0. 26




TABLE XTIV,
ffec i tial.

Calcium Carbonate

Applied Potential Current Drop Weight of Deposit
(Volts) (ma. ) (gm. )
50 0 0. 06
100 | 0 0. 24
150 5 0. 40
200 10 | 0. 55
230 , 15 0. 69

Light Megnesium Carbonate

Applied Potential gurrent Drop Weight of Deposit

(Volts) (ma. ) (gm. )
50 ¢ 0. 04
100 0 0. 12
150 0 . 0. 19
200 0 0. 22
230 5 6.25




Calcium Carbonate.

Length of Electrode Current Drop ‘Weight of Deposit

immersed(ins) (ma.) (gm)
0. 6 o) 0.16
1.2 5 0. 49
1.8 10 0. 83
2. 6 15 . 1.23
3. 2 20 1.71

Light Magnesium Carbonate

Iength of Electrode current Drop Weight of Deposit

immersed (ins.) (ma. ) (gm. )
0.8 0 0. 31
1.7 | 0 0. 62
2.6 - 5 0. 96

3.5 15 | 1.24




TABLE XVI,
Effect of Time.

Calecium Qarbonate

Duaration of Current Drop Weight of Deposit
Test (secs.) (ma. ) (g.
30 5 0. 35
60 10 - 0.71
90 . 10 1. 03
120 10 : 1.28
150 10 1. 47
180 15 1. 68

Light Magnesium Carbonate

Duration of current Drop weight of Deposit
Test(secs. ) (ma. ) (g.
30 0 0. 27
60 | 0 0. 39
90 0 ' 0.44
120 S 0. 51
150 , 5 0. 60

180 8 0. 61




TABIE XVII,

Effect of Purity of Suspendine Mediumn.

Applied Weight of Deposit when Suspended in

Potential Abs.Methyl Comm. Comm,. Comm. Abs. Comm. Comm.
(Volts) Alcohol Methyl Methyl Methyl Ethyl Ethyl =thyl
Alcohol T Alcohol II Alcohol Alco- Alco- Alcohol
& water hol hol & water

50 0. 58 0. 30 0. 08 0. 30 C. 10 0. 06 0. 15
100 1. 24 0. 84 0. 09 0. 89 0. 23 0. 20 0. 29
150 1. 97 1. 25 0. 16 .77 0.35 0.36 0.39
250 2. 72 1. 95 O. 32 1. 95 0.48 0.45 0.60

230 2. 69 2.30 0. 35 2,30  0.58 0.55 O.66




Table XVIII,

Effect of guspending Medium.

suspending Medium Dielectric Weight of Deposit(g) of

Constant Caleium Carb. Magnesium Carb.

Me thyl Alcohol . 33 7 1. 11 0. 54
Ethyl Alcohol 25. 7 0. 40 C. 24
n;-Propyl Alcohol 21l.8 0. 30 0. 20
n-Butyl Alcohol 17.8 0. 12 0. 12
n;Amyl Alcohol 15. 8 0. 08 0. 07
Acetone 21. 3 0. 01 0. 04
Ethyl éce tate 6e 4 0. 01 0. 02
Nitrobenzene 3601 - -

Cyeclohexanone 15.0 - , 0. 07




TABLE XIX,

Effect of concentration.

Conc. of ' Weight of Deposit (g.) given by

Suspensoid Cal. Meg. Hvy. Cal. Mag. Xis. pur. HCD DBD
(g. fec). carb. Carb. Mag. Hyd. Hyd. Dol. Dol.

Carb.

0.04 0. 24

0. 08 0. 72

0.10 0.26 0.94 1.50 0.74 1.06 0.58 0.79 0.50
0.12 2.01

0. 16 6. 22

0.20 0. 51 1.26 3.87 2.10 5.27 1.15 1.28 1.28
0.30 0.75 2.27 6.55 3.85 4.91 1.56 2.08 5.08
0.40 1.01 4.35 10.32 6.13 6.37 2.19 3.28

0. 50 1.40 12. 51 16.38 13.45 7.43 2.72 4.49
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Effect of mineness of Material.

IABLE XX,

Ma terial

Current Drop (ma.) Weight of Deposit(g.)

Calcium Carbonate
calcium Carbonate
(Bround)

Heavy Magnesium
Carbonate

Heavy Magnesium
Carbonate (Ground)

50

55

70

100

1. 03

1. 00

0. 68

245




ta

TABLE XXI,

a-ped Spectra and

Material Examined

Particle Size(Microns)
from Photomicrographs

Hydroxyl Group
present(+) or Absent
(=) from I.R.Spectra

Calcium Carbonate.

Calcium Carbonate
(ground).

Heavy Magnesium
Carbonate,

Heavy Magnesium
Carbonate.
(Ground)

Light Magnesium
Carbonate,
Calcium Hydroxide,

Fairly Uniform. About 10.
wide Range. Mainly 5-10.
Fairly Uniform. About

10-15. '

Fairly Uniform. 1-2.

Fairly Uniform. 1 or lesse.

Mainly 3-5

Magnesium Hydroxide, Mainly 1—5,

Kishorn Dolomite.
Duror Dolomite.

Half-caleined
Duror Dolomite,
Dead-Burnt
Duror Dolomite,
Acetone.

Crclohexanone,

Mainly 2-4 and 8-10.
Mainly 2-3.
Mainly 5-10.
Mainly 3-5.
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EFFECT OF ELECTRODEPQSITION ON CONSTITUTION OF
DOIOMITE,

Using the apparatus shown in Figure 8 and the same
method as in the previous section, Duror dolomite and Kishorn
dolomite were deposited electrically to determine whether or
not the deposition changed the constitution of the minerals.

In both cases 30g. of dolomite were suspended in 150 ml.
of methyl alcohol and a potential of 230 V. applied for 30
seconds.

Duror dolomite gave & deposit of 0.47 g. while 1.02 g.
of Kishorn dolomite were deposited.

Analyseés of the minerals before and after deposition
are given in Table XXIIL

It will be noted that except for a reduction in the
acid-insoluble content, there is no real alteration in the
mineréls.

This would be expected, since a double-carbonate
will deposit as such, there being no cause whatever for it

to alter in any way.



LTABLE XXTT,

Apalyses of Duror and Kishorn Dolomites
before and after ®lectrodeposition.
pDuror Dolomite Constituent (%)
RBlectro~- _
Deposition Acid. Insol. RZOS' caol. MgO.
Before 4,22 0.79 29.35 20. 61
After | 34 27 0.82 29.65  20.64
Kishorn Dolomite Constituent (%)
Electro~- :
deposition Acid. Insol. R205. caO0. MgO.
Before 2. 27 0. 67 28. 68 21. 57

After 2.11 0. 69 29.02 21.54
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REDUCTION OF ACID-INSQOLUBLE CONTENT OF
DOIOMITE BY ELECTRODEPOSITION.

Introduction.

Dolomite is a soft rock but the acid-insoluble
content,being mainly silica, is relatively hard. Grinding
of the ore and sieving should, therefore, tend to segregate
the acid~-insoluble material in the coarser fractions of the
mineral. This is an application of differential grinding
as described by De Vaney (214).

Additionally, since silica carries a negative
electrical charge and the carbonate portion a positive
charge, separation by electrical means is a distinet
possibility.

(a) Differential Grinding.

As a first step, a sample of Duror dolomite,
containing 12% acid-insoluble material, was ground in a jaw-
crusher and further reduced in size by passing it several
iimes through a roller-crusher. The resultant material
was mechanically sieved and each fraction analysed for
acid-insoluble content using the method given earlier.

The results of the initial test are shown in Table
XXIII, from which it can be seen that there is a considerable
differential effect, the coarser material containing about
20% acid-insoluble and the finer material only about 4%.

Tests were made in which grinding was successively

less/
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less severe. 1In the first test the dolomite was ground in
the jaw-crusher and then passed five times through the roller-
crusher, the rolls being set {" apart. In the second test
the material from the jaw-crusher wes passed twice through
. the roller-crusher, in the third once and, finally, not at all.
The results are shown in Table XXIII,
It is obvious that crushing is too severe and the
figure of 2.4% acid-insoluble content in the ex. 300 B.S.S.
fraction is the minimum obtainable if the jaw-crusher is used as
the primary grinding unit. The amount of material ground to
this size is small, being only about 5% of the original
weight.
In order to obtain greater efficiency, a test was made
in which material which had been previously passed through
the jaw-crusher and the roller-crusher, was ground in a
porcelain ball-mill. Approximately 55% of the product passed
a 200 mesh B.S.S. sieve but the acid-insoluble content of
this material was 11.7%.
It was concluded, therefore, that a high throughput

was incompatible with a low acid-insoluble content in the

produc t.

(b) Electrodeposition.

gamples of Duror and Kishorn dolomites were taken,

passing 200 but retained on 300 mesh B.S.S8. The acid-insoluble

contents of the samples were determined and found to be <.22%

for/



LTABLE XXTITT,

Acid-Insoluble Content of Duror Dolomite size-
Lractions after crushing.

- Acid-insoluble content (%)
on 90  90/140 140/200 200/300 Ex 300

Me thod of Crushing

Passed through jaw- 19. 8 19. 2 12. 8 4,22 4. 35
crusher and 5 times

through roller-crusher

with " separation of

rolls

Passed through Jjaw- - - - Be B 2. 6
crusher and ftwice :
through roller-crusher

Passed through jaw- - - - Be 7 2. 5
crusher and once :

through roller-

crusher

Passed through roller- - - - Be 5 2. 4
crusher only
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for the Duror and 2.34% for the Kishorn dolomite.

50g. of the Duror dolomite sample were suspended in
500 ml. of methyl alcohol (in Cell II, migure 8), and a
potential of 240 V. applied for 120 seconds. The amount of
deposition was small and the process was repeated twice more,
giving a total deposit of 2.34 g. with an acid-insoluble
content of 2.74%. It was noted that the deposit was very
wet in character and had poor mechanical strength.

A similar test was made using 50 g. of Xishorn
dolomite suspended in 200 ml. of methyl alcohol. A potential
of 240 V. was applied for 60 seconds and deposition made
three times. The deposit which formed was very compact
and rigid, having a total weight of about 15 g. The acid-
insoluble content was found to be 2. 15%

From these tests it was deduced that the acid-insoluble
content of the Duror dolomite must exist mainly as free
silica, e.g., quartz, since there was a marked reduction
on electrodeposition. Kishorn dolomite, on the other hand,
was presumed to contain meinly combined silica, as the acid-
insoluble content was only slightly reduced.

gince the amount of dolomite passing 200 mesh B.S.S.
but retained on 300 mesh B.S.S5. and containing only about 4%
acid-ih301ub1e obtained from a given sample was of the order

of 5 - 10%, it is clear that if electrodeposition is to be

completely/
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completely successful the need for preliminary differentisl
grinding must be avoided. To determine whether such a process
could be avoided, two tests were made using dolomite of a much
coarser nature and containing a high percentage of acid-insoluble
material. In the first test, dolomite retained on.a 90 mesh
B.S.8. and having an acid-insoluble content‘of 18.8% was used,
while in the second the 90/140 mesh B.S.S. fraction was used,
the acid-insolgble content being 19. 2%. By a single electro-
deposition the acid-inscluble contents were reduced to 6.9%
and 4.4% respectively. From this it was deduced that no
preliminary differentisl grinding was necessary. Further,
since the acid-insoluble content of the finer material hsd
been reduced to a markedly greater extent, it seemed that the
ideal material for use in such a process would be as fine as
possible regerdless of the initial escid-insoluble content.

The further reduction of acid-insoluble material was
attempted with both dolomites by a series of tests in which
previously deposited material was used to form the suspension
in a further stage. The results of these tests are shown in
Table XXIV and when graphed (Figure 21) give further evidence
that the deductions regarding the nature of the acid-insoluble
material are correcte ‘

It was impossible to carry the process further with
puror dolomite since insufficient material was available from

the third deposition to enable a fourth suspension of adequate

concentration/



LABLE XATIV,

Reduction of Acid-Insoluble Content of Turor
and Kishorn dolomites by electrodisposition.

Material No. of deposition. Acid-insoluble content (%)
Kishorn dolomite 0 2. 34
1 . 2. 15
2 2. 01
Duror dolomite 0 4,22
1 3e 34
2 2. 30
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concentration to be made.

Attempts to obtain the necessary quantities by
commencing with a much higher concentration of dolomite were
unsuccessful since, at these concentrations, the mechanical
strength of the deposit was insufficient to allow of its removal,
the entire deposit breaking away from the electrode immediately
it was lifted from the suspension.

It had been noted (p.133) that half-calcined puror
dolomite gave a strongly adherent and coherent deposit,
Possibly due to the amorphous nature of the material. It
seemed likely, therefore, that a multi-stage process would
be more eagily accomplished using it as the suspended solid.

The acid-insoluble content of the half-caleined
dolomite was found %to be 4.01%, this being reduced to 2. 33%
after one deposition.

Dead-burnt dolomite was not so suitable sinece the
deposit, while coﬂerent, was marked as if by gas formation
causing & very uneven surface, making reproducibility of
results uncertain. The acid-insoluble content of the dead-
burnt dolomite was reduced from 5.45% to 5.24% af ter electro-
deposition.

Accordingly, a multi-stage deposition process was
carried out using half-celcined Duror dolomite, the results

of this series of tests being given in Table XXV.

It/



LTABLE XXV,

Reduction of Acid-Insoluble Content of
Half-Calcined Duror Nolomite by pepeated Electrodeposition.

gonc.  No. of Total weight Average Drop Acid-Insoluble

Stage (gs /ml. Deposi~ of Deposit in Qurrent Content of
No. MaOH tions. (g.§ (ma. ) Deposit.
1 150 /300 io 90 300 3,12
2 85/1756 10 53 100 2. 25
3 30/100 14 8 50 1,34
4 6. 5/25 4 L 15 0. 86
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It was found possible to complete a four;stage
deposition, although at the last stage the suspension volume
had to be reduced very considerably. The effect of repeated
deposition of the materiel is shown in Figure 22, from which
it may be seen that, after four depcsitions, the acid-insoluble
content had been reduced from 4.04% to O.86%

The deposits were not nearly so firm es had been
obtained with the first sample of half-cslcined materisl and
it is thought the endothermic reaction may have lowered the
furnace temperature sufficienfly to prevent all of the dolomite

being half-calcined.

Conclusions.

A material reduction in the acid-insoluble content
of puror dolomite was achieved by electrodeposition.

pifferential grinding was also successfully applied
but its application wes limited since it was found impossible
to obtain a large amount of the mineral with a low acid-
insoluble content. If grinding was made more severe or
prolonged to increase the amount of dolomite in the finer
fraction, the acid-insoluble content of the fraction was
inecreased, the harder material also being more greatly affected.

Electrodeposition of the coarser fractions, however,

showed that preliminary differential grinding was unnecessary,

since /
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since the acid-insoluble content could be reduced from 19%
to 4% in these fractions by a single deposition.

In the sieve fractions containing about 4% acid-
insoluble material the reduction was not so marked but
repeated.deposition‘continued to reduce the figure.

This method of repeated deposition, while successful,
was difficult to carry out on the laboratory scale owing to
the very great reduction in available material for each
successive stage.

Attempts to obtain greater deposits by using high
concentrations were not very successful since the heavy
deposit broke away from the cathode.

It was found, however, that half-calcined Duror
dolomite gave a much more coherent deposit and a four-stage
deposition was made, as against three stages using the
original dolomite.

To overcome the reduction in available material at
each stage it would be necessary to find some method other
than deposition on a static electrode and it is felt that

a process could be evolved employing a rotary electrode

system.
A suggested design is an apparatus closely resembling
a rotary vacuum filter in which the suspension of dolomite

would be fed into a metal tank acting as the anode. Dipping

into/
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into this tank would be a cathode in the form of a ro tary
drume The'deposited material would be removed by = scraper
blade of insulating materiale The dolomite suspension would
be kept as such by agitators situated at the base of the tank.
The overflow from the first unit would flow into a seéond

and from there to a third etc. This would allow of continuous
operation ahd would keep each cell working under practically
constant conditions of concentration.

It would also be possible to design a cell in which
the container was not live, being replaced ss anode by a wire
gauze screen situated at a suitable distance from and shaped
to the form of the periphery of the cathode drum.

Prom the results obtained with the static unit, the
best method of operation would be to crush and grind the
dolomite to as fine a state of division as possible, half-

calcine the material, suspend it in methyl alcohol at a
concentration of at least O.5g. /ml. and feed this suspension
continuously through a series of cells until the concentration
fell to such an extent that deposition was not successful.

The exhausted suspension could then be drawn off and methyl

alcohol recovered.

The solid deposited on the cathode drums of the various
units would be fed to a mixing vessel in which it would be again
suspended in methyl alcohol and passed (o a second series of

cells where the same procedure would be adopted, the deposited

material /



-143-

material passing to a third unit etec.

This method would involve a large plant and it might

+ - be possible to reduce this merely by re-circulating the

suspension, using only one deposition cell in each stage.
Fresh dolomite could be fed in to replace the amount leaving
the system.
Such a process would require extensive investigation
on the laboratory and pilot-plant scale before itvcould
become industrially sound. Points which would require
special attention would be:-
(1) Insulation of apparatus.
(2) Ioss of alcohol by evaporation and in the deposited
solid.
(3) =Economical aspec ts.
It is possible that the eventual waste solid might bé made
to yield a further product by suspending it at high concentration.
The process is based, of course, on the fact that the
acid;insoluble material is mainly siliceous and as such carries
a negative electrical charge. where the acid-insoluble material
is not present as free silica, but perhaps as an insoluble
silicate, the separation would not be possible. The Kishorn
dolomite used was shown to be unsuitable, presumably for this

reason, the acid-insoluble content being only slightly reduced

after two depositions.
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A. FISH PROTEIN.

Meterial.
The fish albumen used was a sampleé of & commercial
produc t.
Analysis of Wish Protein.
Moisture Content(as supplied)ee...10%

Ash content...'........‘.......'..7.7%

Protein Contenteeeseeseceessessess 76.1% (Kieldahl N x
6. 25).

A considerable number of tests were made before a

suitable method of ashing was found. The method adopted was
to carbonise the méterial in a platinum crucible, supported
in an iron crucible over a Meker burner. The carbonised
material was then heated slowly in a muffle furnace to 800°C.,
taking three hours to raise the temperature from 300 to 800°C.,
so that the material could swell gradually. The material was
finally ashed by heating at 800°C.
Apparatus.

| The cell used for electrodialysis is shown+in FPigure 4.

Both pairs of outer sections were used, the first having nickel

and the second platinum electrodes.
' A mechanical stirrer, passing through the upper opening
of the centre section, provided agitation for the suspension.

The disphragms found suitable for use with the cell were

cellophane and a regenerated cellulose, used commercially as

sausage skin.
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The electrical circuit used wes that shown in Figure

Experimental Section.
In all the tests made, 4%(w/) solutions were used,
the solutions being made by mixing 4 g. of the fish protein
into a cream in a mor tar, transferring the material to a beaker,
adding the bulk of the water and stirring for 60-90 minutes.
The solution was then transferred to the centre section of
the electrodialytic cell and the total volume made up to 100 ml.
After electrodialysis, the contents of the centre
section were washed into a besker, e vaporated to dryness on
e steam bath and finally ashed by the method already described.
In the initial tests the spplied potential was kept
constant but in later runs it was decided to limit the current
in the cell to 60 ma to avoid heating effects.
All the experimental data and results from the ten

tests made are given in Table XXVI, in which the following

abbreviations are used:~-

Diaphragms. ¢ = Cellophane; S = regenerated Cellulose.
ge'ter mc = tap water (circulated).

distilled water (circulated).

[}

C
DS = distilled water (static).

The first sixvtests were made using the nickel electrode cell

and tests 7 - 10, using the platinum electrode cell.

Discussion/



TABIE XXVI,

nxperimental Date from Tests 1 - 10.

c———

rest Diaph- Water

Appe Init- Final Dura- Ash Cont-

: in Pot. ial Curr. tion ent % of

{%o. ragm. outer (V.) curr. (ma) of Electro- Remarks.

: sections (ma) Tests Dialysed

. (mins)Material.

il Cc T-C 200 5 5 60 7.1

12 S T-C 200 25 25 60 6. 9

13 c D-C 200 . 15 10 60 6. 8

14 S T-C 200 10 10 60 6. 8

15 C D-8 200 250 275 35 - Presence of nickel in

3 centre compartment shown

by test with dimethyl

1 | glyoxime.

16 S D-S 200 20 100 50 - As in Test 5.

R c D-S 200-95 10 60 60 5.74 Applied potential

i reduced after 40 mins. to

1 maintain current

] constant at 60 ma.

i 8 s D-S 200-95 10 60 60 5. 99 Applied potential

’ reduced after 25 mins.

to maintain current

§ . , constant at 60 ma.

19(1) ¢ D-s 200-90 1O 60 60 After 60 mins. the test
‘ ' : was interrupted and the
(?) ¢ D-S 200-135 20 60 30 4.03 outer sections weshed

out and refilled with
distilled water. The
test was then continued
for a further 30 mins.

10(1) - g D-8§ 9200-95 10 60 60 The procedure in this |

- ‘ test was identical to |
(2) S D-8 200-115 10 60 30 5.2 that employed in Test 9.
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The ash content of the fish protein was not appreciably
reduced when either tap water or distilled water was circulated
in the outer compartmentse During these tests the resistance
was always high and did not fall during 60 minutes.

Better results were obtained when static water was
used in the anode and cathode spesces but it was found that
nickel electrodes were attacked, causing contamination of the
material in the centre section. Platinum electrodes were,
therefore, used in later tests.

Cellophane diaphragms gave a slightly greater reduction
in the ash content of the electrodialysed material as compared
With regenerated cellulose, all other conditions of experiment
being the same.

The greatest reduction was obtained in Test 9 where
electrodialysis was carried out for 90 minutes in all, draining
the outer sections after 60 minutes and re-filling them with
distilled water.

The reduction of the ash content from 7.1% to 4.03%
represents a removal of 43.2% of the ash, while with regenerated
cellulose the amount removed was 26.8%, the difference being
attributed to differences in porosity and chemical structure

"of the two materials.

Tt is thought that the reason for there being no

reduc tion/
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reduction with circulation in the outer sections was due

to the small amount of material available in ionic form
coupled with the low porosity of the diaphragms. This

would mean that the small quantity of ions passing slowly
through the diaphragm could be washed away from the electrodes
and out of the cell, keeping the resistance high. This

theory is supported by the fact that electrodialysis was

much more successful and the resistance lower when static
water was used.

The inorganic content of the fish protein is known
to be mainly calcium in the form of calcium ciﬁrate,
resulting from a neutralisation process. This salt is
not réadily soluble in water, giving a possible reason for

the failure to remove more than about half of the total ash.

dekpepkkkkkky
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B. SEAWEED,

Introduc tion.

The importance of seaweed as a source of various
chemicals has been known for some considerable time. Kelp-
burning, to obtain iodine, has long been practised, as has
the recovery of potash. Among the orgznic materials
obtainable from seaweed are laminarin, fucoidin, mannitol,
and alginic acid. Of these, alginic acid and its salts
have been extensively utilised in recent years, the two

.main processes for extraction being the Le Gloahec-Herter
process (215) and green's cold process (216).

mlectrokinetic treatment of seaweed has been more
limited in its extent.s A Russian patent described a
systeme tic scheme for the conseéutive separate of iodide,
bromide, chloride, and alginic acid, and the eventual
recovery of alkali and cellulosic material.(187) A Norwegian
patent detailed a system in which alginic acid was
continuously produced from seaweed by electrolytic means.
Actual figures for yields and electrical energy requirements,

however, seem to be lacking. (188).
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general.

The reduction of the ssh of various materials has
been referred to previously (p.46 ). In the case of
seaweed the removal of inorganic material would not only
mean an improvement in the quality of the organic
constituents since the material removed WOuld.be)recoverable
aé chlorine etc., from the anode chamber and as dilute
alkali from the cathode chamber. - Further, both by-products
ére of use in the treatment of seaweed, chlorine in the
bleaching and alkali in the extrasction of alginic acid.

The seéweed used in this invectigation was JLagminaria
cloustoni, which had been dried and ground to pass a 1.8 mm.
screen. GSeparate samples of stipes and fronds were used.

Me thods recommended by Black (217) were used.

Moisture contente This was determined by drying a
5 g. sample in an electric oven at 100%~. for six hours.

tal + The method of dry ashing was
used, 1 g. of the material being heated, at dull redness,
to constant weight in a silica crucible. ‘

Insoluble Ash Content. 1 g. of seaweed was heated
in a silica crucible at dull redness for 30-45 minutes,

allowed to cool and extracted with 4 x 5 ml. of hot water,

decanting/
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decanting off the clear liquor after each extrsction through
an ashless filter paper, finally transferring the bulk of the
ash to the paper. The solid on the filter paper was washed
with 4 x 5 ml. portions of boiling water, transferred to the

crucible again and heated at dull redness to constant weight.

goluble Ash Content. This was obtained by difference.

Analytical wresults.
The analysis of the materials used gave the following
results:
| qtipes MoOiStUrCesecevscssensssees To9%
TOt2l ASh eccesccccscasees B33e4%

Insoluble ASh eevecvscsncss 9.1%

Dry basis
Soluble Ash e 9 0% 090 50 0o 24.5%
Combustible Material sv.se 66.6%
MOiSture ® 6 &9 ¢ 06 9009 8" O 6‘4%
Total ASh ® 0 0 000 900 s eI 2800%
InSOluble ASh sevesssevsecan 15-0%
Dry basis '

Soluble ASh R EEEEE RN ) 1500%

NN TN,

( combustible Material ..... 724 0%

The combustible material represents the organic
content of the seaweed. The constitution of the organic
msterial in seaweed varies according to the season of the

yesar in which it is harvested (217) and, since the material

used was harvested in November, the organic content of the

fronds was greater then that of the stipes.

Apparatus /
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Apparatus.
The cell used for the electrodialysis of the
suspensions is shown in Figures 2 and 3.
The diaphragms were of porous earthenware(Aerox " CF4).
The electrical circuit is shown in Figure 10.
EXperim a ion.
The experimental work falls into two sections:
(a) The electrodialysis of stipes |
(b) The electrodialysis of fronds.
(a) =Electrodialysis of stipes.
In 2ll the following tests, 5. 000 g. (4.605 g. dry
Weight) of dried, milled stipes were placed in the centre eompart-
ment of thecell and 200 ml. of distilled water added. The
cathode and anode sections were filled with distilled water
to the overflow level. The centre compartment was stirred
throughout each test. The electrodes were %" from the
diaphragms in all cases.

The first three tests were a preliminary investigation
of the effect of different voltages on the separation of the
soluble inorganic material.

Test Al. On applying a potential difference of 40 volts

across the cell, it was observed that the resistance dropped

slowly and steadily over a period of 50 minutes before

remaining/
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remaining fairly constant. The current was switched off
after 60 minutes. During the electrodialysis the changes

in pH of the liguids in the various compartments were noted.
The centre section retained its original acidity

throughout, the anode and cathode compartments becoming
distinctly acid and alkaline respectively. The cathode

sec tion was washed out with 5N hydrochloric acid and the
amount of alkali chlorides present determined by evaporation
of the recovered solution. The cathode liguid was tested
gualitatively for magnesium and calcium, but no traces

were found. The anode compartment was analysed qualitatively
and found to contain a large quantity of chloride ions and
also traces of sulphate. The alkali chlorides in the cathode
séction account for 10% of the original seaweed, on a dry
basise.

Test A2. In this test, a potential of 50 volts was applied.
The resistance was very slowly broken down and attained a
constant value after 45 minutes. The contents of the cathode
section were estimated as before. The contents of the centre
compartment were evaporated to dryness and analysed by the
procedure adopted for the original seaweed analysis. No
traces of organic material were noted in the cathode section.
Iﬁﬁj;ggb An initial potential difference of 100 volts was

applied in this test. The temperature of the centre

compartment/
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compartment rose rapidly to 40°Cc. in 10 minutes and the
resistance dropped rapidly. - The potential was then reduced
to 50 volts, the temperature and the resistance remaining
constant from this time. The test was continued for a
further 20 minutes, making 30 minutes in all.

Test A4. A continuous floﬁ system was fitted to the cathode
compartment in an attempt to improve the separation by
removing the ions from the cathode section, thus preventing
an ionic "back pressure.' A potential difference of 50
volts was maintained throughout the test. A constant
resistance was obtained after 30 minutes, but the value

was greater than that obtained in the previous tests. The
test was run for 50 minutes in all.

meﬁpé AD and AG. T™wo final tests were carried out under
identical conditions. A potential difference of 100 volts
was applied for 20 minutes, at the end of which time the
potential was reduced to 50 volts and the test terminated
after a further 10 minutes. To obtain more detailed
analyses of the materials transferred to the cathode and
anode sections both compartments were washed out with
distilled water and analysed volumetrically. The cathode
solution was titrated with hydrochloric acid and the alkali
content determined as potassiﬁm. The anode solﬁtion was

'

titrated with sodium hydroxide to obtain the total acidity.

The /
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The hydrochloric acid present was then determined in the
neutral solution by titration with silver nitrate, using
potassium chromate as indicator. The difference in the
estimations was due to a trace of sulphate ions.

The results obtained in all the above tests are
~shown in Tables XXVII and XXVIII,

The first three tests show that the best separation
was obtained by applying a high potential to break down
thg initial resistance. This reduced the time required
to obtain satisfactory separation. The effect of having
a continuous flow of distilled water through the cathode
section was small. The best results were obtained in Test
A3 and this is attributed to a gradual clogging of the
cathode diaphragm with precipitated solid, which might be
either inorganic or organic in nature.

The figure obtained for the hydrochloric acid content
of the anode compartment is only useful for the determination
of the small sdlphuric acid content by difference and as a
guide to the guantity of chlorine held in solution at the
anode. The chlorine liberated at the anode during electrolysis

could not be determined without using an enclosed anode

compartment. It may, however, be estimated by difference as

the original weight of the stipes minus the sum of the weights

of the recovered material, the alkali content of the cathode

section/



LABLE XXVII

. . Ma teri
Test Alkali cChloride 2 ééi%rgeggxggigmgﬁiT

No. in Cathode Section

Total Ash Soluble Ash Insoluble Ash

Al 10.0 - | - -
A2 13. 3 256. 0 17.2 7.8
A3 7.8 Te & .9 5.5
A4 - 19.4 13. 5 5. 9
Ab - 13. 2 5. 8 7.4
A6 - 12. 6 5. 4 7. 2
Original 330 4 24.3 | 9.1
Material

All figures refer to percentage based on original material.
' TABLE XXVIII

AD A6
% of original material

Recovered material from centre section 89.0 88. 8

Total alkalinity of cathode section 5.15 Be 47

Toté?saggdity of anode section(as HC1) 1. 96 1. 96

Hydrochloric acid content of anode 1. 60 1. 60
section

Sulphuric acid content of anode section 0. 28 0. 28
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section and the sulphate.

On this basis, the chlorine libverated, expressed
as a percentage of the original material, was 5.6% in A5
and 5. 5% in A6.

The power requirements for these two tests were

estimated graphidally.

Test AS. Test A6.

Power required per 1lb. of dry

seaweed 2. 93kWh. 3. 13kWh.
Alkali recovered per 1lb. of

dry seaweed 0. 052 1D. 0. 055 1b.
Estimeted recoverable chlorine

per 1b. of dry seaweed 0. 056 1D. 0. 055 1Dbe.

(b) Electrodialysis of Fropnds.

Three tests were carried out to find the effect
of different potentials. The tests and subsequent analyses
were carried out in a similar manner to Tests Al - A3.
Results are given in Taeble XXIX,
Test Bl. The duration of this test was 35 minutes at a
potential difference of 50 volts. The residue obtained on
evaporation of the contents of the cathode section contained
traces of organic materisl, thus giving a high figure for
the alkali chloride content. The organic contentvwas not

identified.

Test B2. This was a short test of 10 minutes' duration and

‘was/



IABLE XXIX,

Test Alkali chloride Recovered Materi@l from Ccentre
in Cathode Section Section

Noe. Total Ash Soluble Ash Insolubde Ash

Bl 6. 2 23. 4 10. 5 12. 9

B2 3.0 24. 2 11.0 13. 2

B3 6e1 22. 8 9. 6 15. 2

Original 28. 0 15.0 13. 0

fronds

All figures refer to percentage based on original material.
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was carried out at a potential difference of 100 volts.
The resistance dropped slowly at first and remained
constant after eight minutes.

Test B3. The final test on fronds was carried out at a
potential difference of 100 volts until the resistance
became steady after 10 minutes. The potential was then
reduced to 50 volts and the test continued for a further
20 minutes. The contents of the anode section were
examined qualitatively and found to contain a large
concentration of chloride ions and a trace of sulphatg
ions. The material recovered from the cathode section

again contained a trace of organic material.

In the electrodialysis of milled stipe an excellent
removal of inorganic matter was achieved. The greatest
reduction in the ash content was found in Test A3, in
which the electrodialysed materisl contained only 7.4% ash
as compared with 33.4% in the original. Of this remnant
ash l.9% was soluble, while the original soluble ash content
of the seaweed stipe was 24. 3% In a period of 30 minutes,
therefore, 78% of the total ash and 92% of the soluble ash

has been removed. The removal of insoluble ash in this

period was 51%.

with fronds, however, some organic material was seen

to/
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to have migrated to the cathode compartment. Ash removal
was not so complete, the best result being obtained in Test
B3 in which the electrodialysed frond contained 22.8% ash,
of which 9.6% was soluble. The original meterial contained
28. 0% ash of which 15.0% was soluble. This represents a
removal of 19% of the total ash and 36% of the soluble ash,
none of the insoluble ash being removed.

The ash of seaweed is deriveéggggm inorganic salts in
solution in the cell sap and from cations combined with
organic constituents such as alginic acid. Dillon and
Mcguiness (219) have shown that alginic acid is not present
&s such in seaweed but is combined with calcium, iron ete.
Degiccation destroys the colloidal character of these salts,
rendering them insoluble.

wassermann (220) has also stated that alginic acid
is present as various metal salts.

The probable course of electrodialysis is, therefore,
first the removal of the dissolved inorganic salts and then,
more slowly, the removal of metal ions present as relatively
insoluble salts of alginic acid, fucoidin etec.

Iess inorganic meterial was removed from frond than
from stipe and it is postulated that ﬁhis is because the stipe
contains more inorganic material in the dissolved state and

is therefore more readily electrodialysed.

No /
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No reference has been founé regarding'the nsture of
the insoluble ash from seaweed but it is thought that it
is most likely to contain irgn and, possibly, silicsa.

The presence of silica would explsin the partial
removal of insoluble ash, since it could then be due to.
anodic migration of the negatively charged silics.

When frond was tested, less of the soluble ash and
none of the insoluble ash was removed and, since the inorganic
material is most unlikély to be redicelly different from that
in the stipe, it is possible that some factor such as cell
wall thickness or strength may hinder the removal of the
inorganic ions.

In the c¢ase of calcium alignate the association of the
cation with the 1bng-chain anion is another possible source
of interference with normal electrodialysis. This phenomenon
has been shown to take place with sodium ions in the
electrodislysis of agueous solutions of polyacrylic acid

and sodium hydroxiﬁe-(zzl).

In general, therefore, it can be stated that where the
inorganic material which constitutes. the ash of s particular
material is completely or almost completely soluble, its
removal by electrodialysis can be accomplished in a relatively
shorﬁ time. If, however, the inorgasnic matter is present in

the form of insoluble or relatively insoluble compounds, the

reduc tion/
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reduction of the ash content by electrodialysis is very slow
if not altogether impossible.

Recovery of materials from the anode and cathode
chambers was of the order of 1/20 of the original weight both
in the case of chlorine and of alkali. The electrical energy
required was about 3 kWh. per 1b. of dry seaweed on
approximately 60 kWwh. per 1lb. of chlorine and of alkali.
These figures do not compare well with those obtained in the
electfolysis of alkali chlorides for the pr@ductién of
chlorine in which the energy requirement is about 2 kwh/1b.
of chlorine (222). It must be remembered, however, that the
chlorine produced in the electrodialysis of seaweed is a
by-product and the economics of the process would be a matter
of balancing the cost of collecting the chlorine against its

value, since there is no extra expenditurein causing it to be

electrolysed.
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REHOVAL OF INORGANIC MAVERTAL FROM MANNITOL.

Introduction.

Mannitol occurs in the fronds of seaweed to an extent
varying from 10% to 40% (217). It is soluble in water and can
be extracted from the plant by this medium or with alcohol.
In either case the extracted mannitol is heavily contaminated
with inorganic salts, 40% being common.

The production of mannitol of higher purity may be
possible either by electrodialysis of the extracted material
or extraction of the mannitol from previously electrodialysed
seaweed.

Material.

The seaweed used was L.Cloustoni frond which had been

dried and ground to pass a l.6 mm. screen. |

The a2sh content of the original frond was found to be
35¢ 5%
Apparatus.

| The electrodialytic cell used was thst shown in Figure

5, diaphragms of regenerated cellulose being employed.
Experimental Procedure.

Extractions were carried out in a 1 litre round-bo ttomed
flask fitted with & link stirrer and mercury seal, a reflux
condenser also being provided. An eiectric heating mantle

was used with s rheostat to control the rate of heating.

The /
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The charge of fronds and solvent was refluxed for three
hours, the contents of the flask then being filtered, first
through nylon cloth to remove the coarser material and finally
through a fluted filter paper. The filtrate was evaporated
to dryness on a steam bath, the resultant solid transferred
to the original flesk and refluxed with methanol for a further
three hours. The contents were filtered hot through a fluted
filter paper, the volume of methénol reduced on a steam bath
and the mannitol allowed to crystallise.

Experimental.

(1) WWW&.FMWBBLIQl
and subgeguent Electrodislysis.

50 g. of dried frond were refluxed with 80 ml. of
distilled water for three hours and impure marnnitol separated
as described above.

4.2 g. of mannitol were obtained, with an ash content
of 70%. 1.26 g. of the impure mannitol were placed in the
centre section of the electrpdialytic cell and all three
chambers filled with’distilled water. Electrodialysis was
carried out for an hour. 0.64 g. of mannitol were recovered
from the' centre compartment, with an ash content of 41%

(2) ®lectrodialysis of frond followed by extraction of mannitol
with water.

10 g. of frond were electrodialysed for two hours in

the centre compartment of the cell. The treated frond was

then extracted with distilled weter.

The /
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The ash content of the frond was found to have been
reduced from 35.5% to 21.9%, a removal of 38% of the total
ash.

The yield of mennitol was 0.23 g. from 7.5 g. of
frond. This amount was insufficient for sn accurate ash
determination.

(3) wate t '
aflter filtration.

50 g. of frond were refluxed with 500 ml. of distilled
water for three hours.

After filtration, 100 ml. of the extract were
electrodialysed in the centre compartment of the cell for
one hour. |

There was a negligible yield of mannitol from the
electrodialysed extracte.

It seemed apparent from the results obtained that
mannitol was being lost from the centre comparﬁment during
elec trodislysis. An electro-osmotic flow was observed during
thé tests and, although it is not thought that mannitol hes
a pronounced charge, this flow would tend to carry off
dissolved mannitol to the cathode chamber together with the
inorganic cations forming the ash.

To check this point two tests were carried out in

which pure mannitol was electrodialysed in the cell.

2. 39/
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(4 2+ 39 g« of pure mannitol were electrodialysed in
the centre section of the cell for one hour in distilled
water. On completion of the test, the contents of all
three compartments were evaporated to dryness. The following
figures were obtained:

Wt. of mannitol initially in centre section «...2.39 g.

Wte of mannitol in centre section after
electl‘odialysis......--......-....--..--ooo-goO'? g.

Wte of mannitol in cathode section after
electrodialysis‘.....'..Q..I..".l.l.-O.’.O..O.zg g.

No appreciable amount of mannitol was found in the
anode section of the cell.

The amount of mannitol carried into the cathode
section was 12%.
(B) 2. 50 g« of pure mannitol and 1.00 g. of pure sodium
chloride were electrodialysed in the centre section of the
cell for one hour in distilled water. The contents of the
centre and cathdde sections were collected and evaporated
to dryness.

Wte of mannitol in centre section initiallyee...2. 50 g

wt. of sodium chloride in centre section
initially......0.‘...0...‘".."'0.‘.....1.00 g.

Wte of residue from centre sectioNiecececcececee2.94 geo
Wte. of residue from cathode sectioNesesiecececees0.58 g
'Ash content of residue from centre 8ECEi0Ne oo ooo D4 6%

Mannitol remaining in centre SeCtiONeeerceosssseBe 30 ge

Mannitol removed to cathode sectioNeeceosceceaes0.30 go
=12 %
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Discussion.

The ash content of mannitol was reduced from 70%
to 41%, a removal ofiéi% of the ash.s Of the impure mannitol
placed in the centre éé&tion of the cell in Test 1, only 51%
was recovereds In Test 2, 0.23 g. of mannitol was obtained
from 7.5 g. of electrodialsed frond as compared with 4.2 g
from 50 g. of untreated material. Practically no mannitcl
was obtained from an electrodislysed extract in Test 3.

These findings pointed to the fact that mannitol
was being lost during electrodialyéis. It is not thought
likely that mannitol will have a definite charge and the
loss is, therefore, probably caused by the dissolved
substance being transported to the cathode chamber as a
result of electro-osmotic flow. The traces of organic
material found in the cathode liquids during previous tests
on electrodialysis of fronds (p. 155) are thus, presumably,
mannitol.

The final tests showed that mannitol was being
transported to the cathode chamber. A lower percentage, 19%
against ca. 50%, was removed when pure mannitol was used
and the addition of sodium chloride to increase the current
did not lead to a greater amount of migration.

Tt may be concluded that, due to the solubility of

mammitol in water, removal of soluble inorganic contaminants

from/
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from it by electrodielysis cannot be achieved without a

very considereble loss of the mannitol itself. A possible
solution of the problem might be the formation of an insoluble
compound of mannitol from which the soluble inorganic

contaminants could be removed by electrodialysis.
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Introduction.

The removal of electrolytes from alginic acid is
a difficult process. It was hoped that an electrodialytic
treatment might prove successful.

Material.

A sample of crude, unbleached alginic acid was
used and alginic acid was precipitated from the electro-
dialysed frond recovered from previous tests (pp.155-6 ).
Apalyvsis.

The crude alginic acid was found to contain 14. 1%
moisture and 78.4% alginic acid, giving a content of 91.2%
alginic acid on a dry basis. The method of analysis adopted
was that of Cameron, Ross and Percival (223).

Apparstus.

The cell used in the electrodialysis was that shown

in wpigures 2 and 3.

Experimental.
(1) 5.0 g« of crude élginic acid were suspended in 200 ml.

of distilled water in the centre compartment of the cell

and a potential of 100 v. applied for 40 minutes. The

resistance did not decrease.

Analysis of the cathode liquid showed that the amount

of alkali chlorides present was equivalent to l.4% of the

crude alginic acids

The /
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The material from the centre section was recovered
by filtration and dried with hot air.

Analysis of the recovered alginic acid which had a
moisture content of 14%'shoWed the alginic acid content
(&ry basis) to be 92. 3%

(2) 5.0 g. of crude alginic acid were suspended in 200 ml.
of distilled water in the centre compartment and the potential
applied for one hour, placing the electrodes closer to the
diaphragms. The cathode section was analysed for alkali

and it was found that the amount of alkali chlorides present
was equivalent to 3.58% of the crude alginic acid.

The material from the centre compartment was recovered
as before and showed the alginic acid content (dry basis) to
be 96. 8%.

(3) 5.0 g. of the crude zcid were dissolved in 200 ml. of
an alkaline solution of sodium hypochlorite (pH 8-9)
containing sufficient free chlorine to bleach the resultant
solution to a light straw colour. The bleached solution was
then placed in the centre section of the cell and electro-
dialysed. The pH of the centre compartment dropped steadily
and reached a vaiue of 1 after one hour, when a gelatinous
precipitate appeared.

Due to the presence.df free chlorine, the resistance

of the cell was low and a reduced potential had to be applied

to/
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to prevent excessive heating effects. This prolonged the
treatment snd the quality of the alginic acid recovered

was very poor, presumably because of the prolonged soaking
in the bleaching solution.

(4) 5.0 g« of treated stipes from Tests A5 and A6 were
extracted with 100 ml. of 6% sodium carbonate and the solution
bleached with a dilute sodium hypochlorite solution to a |
'light straw colour. Alginic acid was precipitated by the
addition of 2N. hydrochloric acid until a pH of 2-3 was
obtained. The alginic acid was filtered on nylon cloth and
then suspended in 100 ml. of distilled water in the centre
compartment of the cell.

Electrodialysis was commenced at a poténtial of
100 v. The resistance decreased over a period of 40 minutes
and then began to increase. The test was terminated after
100 minutes due to & sudden increase in the volume of the
contents of the centre section. \

The“alginic acid was recovered by filﬁering on nylon
cloth and drying in a vacuum oven at 40-50°¢. The amount
récovered was O.471 g. against a theoretical yield (217)
of 1.150 g., the percehtage yield being 40%..

The acidity was determined but a high result was
obtained due to the presence of traces of chlorine.

(5) A sodium carbonate extract was prepared from 20 g.

of milled stipe, the extract filtered and the solution

bleached/ -
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bleached as before. Alginic acid was precipitated and treated
as in the previous test.

The behaviour of the alginic acid suspension during
electrodialysis was exactly similar to the previous test,
the contents of the centre compartment swelling greatly after
the resistance had risen. |

Recovery of the alginic sgcid was made as previously,
the finel product agein containing traces of chlorine,
rendering the figure obtained for alginic acid unrelisble.

The amount recovered was 1.970 g. which, against a

theoretical yield of 4.600 g. gives a percentage yield of

43%.

Discugsion.
The purity of crude unbleached alginic acid was
increased.by the electrodialytic removal of electrolytes.
Using bleached solutions, it was found impossible
to remove the last traces of chlorine from the precipitated
alginic scid since the electrodialysis had to be discontinued
because of excessive swelling., This may beAdue to
peptisation of the alginic acid suspension when only

traces of electrolyte remain, leading to strong absorption
of moisture.
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, The results obtained when attempting the removal of
inorganic meterial from seaweed and fish protein suggested
that insoluble salts were more slowly electrodialysed out.

To check this point, tests were made in which calcium alginate‘
and calcium cifrate were electrodialysed, since these salts
were the ones probably involved.

Calcium alginsite.

1 g. of alginic scid was dissolved in 750 ml. of 1%
sodium carbonate solution, and the resultant solution mixed
with an excess of 10% calcium chloride solution to precipitate
.calcium alginate. This precipitate was allowed to settle;
filtered and washed free of excess calcium, testing the wash
water with ammonium oxalate. The washed calcium alginate
was suspended in 1C0 ml. of distilled water in the centré
section of the glass electrodialytic cell, the outer sections
filled with distilled water and a potential of 235 v. applied.
Readings bf current were taken every 10 minutes for 1 hour
and samples withdrawn at similar periods from the cathode
section. These samples were tested with ammoniﬁm oxalate for
the presence of celcium. The current rose slowly from an
initiai yélue of 10 ma to a final value of 40. At the end

of 1 hour, a few drops of 10% calcium chloride solution were

introduced to the centre compartment. After five minutes the

current had risen to 6C ma and affer e further five mimites to
100.

The /
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The approximete concentrations of calcium'present
in the various samples were obtained by comparison with
standard precipitates obtained from solutions of calecium
chloride of various concentrations.

A similar test was made using calcium citrate; in
this case 2 g. of the so0lid were suspended in 100 ml. of
distilled water in the centre section of the cell and
electrqdialysis carried out for 1 hour. The current rose
from an initial value of 5 ma to a final value of 40 ma,
the potential being 235 ve. throughout.

The results are shown in Table XXX.

It will be seen that a very small amount of the
total calcium present is removed by electrodialysis. With
calcium alginate, after 1 hour, the approximate amount removed
is of the order of 1-2%, and with calcium citrate about 4-5%.
The effect of introducing calcium in solution is clearly
shown by the rapid increase in rate of migration on adding
a small amount of calcium chloride solution as was done at
the 60 minute mark in the first teste The rate of migration
is incressed from about 4 mg. /hr. to about 84 mg. /hr. The
calecium of calcium citrate is removed more readily than that
of calcium alginate but in neither case, concentrations

being taken into account, is there any comparison to the

effect with calecium in solution.

Electrodialysis/



TABLE XXX,

Time (minutes) 0 10 20 30 40 BO 60 65 70
Concentration of Calcium b4
calcium in cathode Alginate O - 6 10 12 15 20 50 90
section (parts per
million) Calcium

Citrate 0 - 2 10 20 70 100 - -

X. Calecium chloride added after

60 minutese.
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Electrodialvsig of a geries of calcium salts.

To obtain further informetion regarding the electro-
dialysis of salts of varying solubility, tests were made in
which a number of calcium salts, chosen to cover a wide
range of solubility, were electrodialysed under experimental
conditions as nearly identical as possible.

The results are shown in‘Table XXXI,

Dialysis was carried out in the cell shown in Figure
5, using Cellophane diaphragms. Amounts of the various salts,
arranged to give equal émounts of calcium, were suspended
in 100 ml. of distilled water in the centre section. Distilled
water was used in the outer sections. A potential of
230 v. was applied for 60 minutes. In some cases the
potential had to be reduced during the test to avoid excessive
heating effects caused by the heavy currents.

Of the salts used, only the chloride, bromide, sulphate

and carbonate were of Analar standard, the others being of

the purest form available.

Discuggion of Resulis.

From consideration of the amounts of calcium found in
the cathode space after electrodialysis it can be seen that in
general the solubility of the salt controls the ease with
which its constituent ions will yield to electrodialysis. It
is apparent that the varying purities of the salts used have
led to some slightly erratic results.

The /



TABLKE XXXT.

ELECTRODIALYSIS OF CALCIULK SALTS,

Solubility Amount of . Current (amps)
salt (parts per Ccalcium
hundred in Transferred
water) ’ to cathode Initial Final

Chamber(g. )

chloride Ve 8. 0. 138 0. 05 0.85 *
(6H,0) .

Bromide  125(0°C) 0.126 0. 03 0. 64 *
Acetate 526(0°¢) 0. 063 0. 025 0.34
Forma te 16(0°¢c) 0.106 0.025 0. 58 *
sulphate 0. 176(0°C) 0. 066 0. 010 0. 390 *
citrate  0.085(18°¢c)  0.014 0. 010 © 0.120
Carbonate 0.0065(20°C) 0.002 0. 006 0.016
oxalate  0.0007(13°Cc) 0.012 | ‘6.026 , 0. 047
Alginate Iﬁsol. 0. 006 0.013 . 0. 235

* Potential reduced during test.
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The formation of a precipitate on the cathode
diaphragm was noted in all tests. This precipitate,
presumably of calcium hydroxide, was found to have formed
on the side of the diaphragm asway from the cathode. The
calcium in this precipitate should have been electro-
dialysed through to the cathode and its precipitation
will, therefore, give rise to further uncertainty as to
how much calcium would actually be removed under perfect
conditions.

It can be said that the amount of calcium
electrodialyséd was normally proportional to the electrical
energy expended although here again the presence of
impurities caused one or two erratic results.

The information obtained can be considered to
have given the expected result that, while a metal cation
can be electrodialysed, the solubility of the salt will

determine the ease with which migration will take place.

ETE LR
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Vl Ct d.a i f ale m' i . i r

(1) It was realised that successful electrodialysis of
such mixtures could not be made without the addition of some
chemical reagent to cause dissolution of the inorganic
material, since, even if the solid were fine enought to pass
through the diaphragm under the action of an electro-osmotic
flow, no separation would be achieved.
(2) The addition of electrolytes such as sulphuric acid
‘and ammonium chloride inhibited electro-osmotic flow and the
action in such cases must be regarded as being primarily
electrolysis.

With sulphuric acid, calcium was found to migrate
to the cathode sectionvmore rapidly than magnesium and this
was attributed to the stronger adsorption of magnesium at
the cathode diaphragm, a point of view supported by
considerable evidence derived from work on soils.
(3) Earthenware diaphragms clogged rather quickly owing
to precipitation of solid due to the change to very alkaline
conditions at this point. The use'of cellulosic diaphragms
was not possible since it was found that hydrogen ions
appeared to utilise the available pore space to the almost

complete exclusion of the slower metal cations.

(4)/
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(4) The best method to avoid clogging was found to be
the use of a buffer solution of pH 6.5 in the cathode section
to prevent a sudden change in pH at the cathode diaphragm.
(5) Ammonium chloride was used in an attempt to schieve
preferential migration of magnesium to the cathode chanber.
while this was accomplished, the method was not of anyAreal
value since the reagent, being a strong electrdlyte, caused
very high currents, which were dissipated, for the mes t part,
in electrolysing the ammonium chlorids.

(6) The use of carbon dioxide to form the soluble
bicarbonate of magnesium and subsequent electrodialysis was
tried with some success,kespecially when half-calcined
material was employed. Cellulosic diaphragms could be used
for such tests since the available ions were only those
dissolved from the mineral.

(7) The optimum  conditions which had been discovered
were applied to the design and operation of an improved type
of electrodialysis cell. In this, constant circulation of
the anode and cathode liquids was employed to counteract
polarisation and to help to break up any film of precipitated

solid on the diaphragm. Buffer solition was used in the

cathode space to keep precipitation to a minimum.

with this cell, = good separation was achieved when

a suspension of half-calcined dolomite, which had been treated

with/
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with carbon dioxide, was electrodialysed.
The results of the work are in agreement with
existing theories, points such as inhibition and reversal

of electro-osmostic flow being encountered as expected.

In the study of the variables affecting the electro-
deposition of powdered inorganic materials from suspension
in organic liquids it was found that the results were

generally in agreement with previous work.

(8) With acetone only very small deposits were obtained
and it appears that the presence of a hydroxyl group in

the suspending medium is necessary for successful deposition.

(9) It was found that high concentrations of solids
which contained a hydroxyl group gave abnormal results,
a very rapid incresse in weight of deposit with increasing

concentration being observed.

From these two effects 1t seems probable that the
effect of hydrogen bonding on the mutual interaction of

particles/
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particles in suspension may play some part in explaining

the results.

(10) A drop in current was always noted during electro-
c¢eposition. This effect has been a point of difference in
published work on the subject. In the present case it was
thought possible that the drop in current was due to the
insulating effect of the inorganic coating on the cathode,
since a lerge drop was always found when a compact, non-porous
deposit was formed.

(11) An increase in the weight of deposit was observed
after efficient grinding of a materisl and this may be due

to closer packing of the smaller particles.

In the series dolomite, half-calcined dolomite and
dead-burnt dolomite, under similar conditions, the weight of
deposit increased in thot order. It is postulated that this
effect is due to space considerations since in the half-
calcined materisl part of the carbonate radical has been
replaced by the more compact oxide grouping and in the dead-
burnt form all of the carbonate has been replaced.

(12) Elec trodeposition of dolomite caused no major
alteration in the chemical constitution, none being expected

since s double carbonate will deposit as such. The only

difference observed was the reduction of the acid-insoluble

content.

(18)/
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(13) This fact was applied further in an attempt to
produce a dolomite of very low acid-insoluble content, which
would be comparable with the purer deposits found elsewhere.
Duror dolomite was successfully treated in this way but
Kishorn dolomite did not prove suitable. This difference

car Dbe explained by the fact that the 12% acid-insoluble
conuient of Duror dolomite is present almost entirely as free
silica while the lower acid-insoluble material in Kishorn
dolomite is probably present in combined form with an overéll

positive charge, making separation impossible.

Reduction of ash content by ®Wlectrodialysig.

Fish protein, seaweed stipe and frond, and mannitol
were electrodialysed in attempts to reduce the inorganic
content.

(14) Fish protein, having an ash derived mainly from
insolﬁble calcium citrate, did not give particularly satisfactory
results.

(15) Seaweed stipe could be successfully electrodialysed
although not all of the inorganid material was removed.

(16) seaweed frond treatment was impaired by the migration

of some oréanic matter to the cathode chamber, while the

removal of inorganic material was not sd effective as with

stipe.

(17) Mannitol presented a different problem since it is

soluble in water, and so migrated or was carried by electro-osmotic

flow/
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flow to the cathode section.

(18) The removal of electrolytes from alginic acid was
partially achieved, the main obstacle here being the sudden
swelling of the material caused by peptisation when most of

the electrolytes had been removed.

Elect ialysig of salts of v i luybility.
(19) The evidence from these tests indicated that

previous considerations regarding the effect of salt
solubility on the progress of electrodialysis were correct.
while cations could be electrodialysed even from

salts regarded as insoluble, the rate was extremely slow.

S o ek ek sesfeske e e s
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INFRA-RED SPECTRA,

Infra-red spectra of the materials used in electro-
deposition (Table XXI) were made using a recording double;beam
infra-red spectrophotometer. This instrument has been described
by Brownlie (224).

4 The solids were prepared for examination by grinding
them into a very fine paste with Nujol (pure liquid paréffin) in
an agate mortar.

The spectra obtained are shown in Pigures 23 and 24, in
which the vertical lines represent absorption bands, the height

being a measure of the percentage absorption.

Calcium carbonate
* Heavy magnesium
carbonate
Light magnesium Figure 23.
carbonate
Calcium hydroxide
Magnesium hydroxide

Kishorn dolomite
puror dolomite
Half-calcined Duror
dolomite Figure 24.
Dead-burnt nuror
donlonl te
Acetone
Cyclohexanone
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PHOTOMICROGRAPHS,

Pho tomicrographs of samples of the materials used

in electrodeposition (Table XXI) were made using a Vickers

projection microscope.

The degree of enlargement was ca. 1000 X, no additional

enlargement being used in printing.

Plate No. Subs tance.

o <N ow

10
11
12
13
14
15

- 16

Calcium carbonate.
Calcium carbonate
(ground)
Heavy magnesium
carbonate.

- Heavy magnesium

carbonate (ground)

Light magnesium
carbone te

Calcium hydroxide
Magnesium hydroxide

Kishorn dolonite
puror dolomite

- Half-calcined Duror

dolomite

Dead~burnt Duror
dolomite
calibration

The results are shown in Plates 5 - 186.

Remarks.
Regular rectangular crystals.

Large number of crystals unchanged.

very effective and uniform size
reduc tion.

Dark patches are aggregates of
small particles.
Difficult to focus due to
scattering of light.

ditto

Agglomeration makes particle size
doubtful.

ditto
1 division = 10 microns.



Plate 5.

Plate 6.



Plate 7,

Plate 8,



Plate &

Plate lil«



Plate 13!
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Plate 16.
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